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AES Tlx ACT
A fe e d fo rw a rd  c o n t r o l  scheme "based on t e r m i n a l  
a n a l y s i s  o f  p r o c e s s  dynam ics was d e v e lo p e d  f o r  c o n t r o l  
o f  m u lt ico m p o n en t d i s t i l l a t i o n  colum ns. D i f f e r i n g  
from o t h e r  c o n v e n t io n a l  f e e d fo rw a rd  c o n t r o l  schem es, 
t h i s  c o n t r o l  scheme r e q u i r e s  c o n t in u o u s  m easurem en ts  
o f  p h y s i c a l  v a r i a b l e s  such  a s  t e m p e r a tu r e s ,  f lo w  
r a t e s ,  and c o m p o s i t io n  a b o u t  th e  s e c t i o n s  n e a rb y  th e  
c o n t r o l  s t r e a m s  i n s t e a d  o f  th e  m easurem ent o f  th e  
i n p u t  v a r i a b l e s  to  th e  column, i . e . ,  f e e d  r a t e ,  f e e d  
c o m p o s i t io n ,  e t c .  I t  r e q u i r e s  n e i t h e r  t h e  m a th e m a t ic a l  
model o f  t h e  whole column n o r  t h e  i n p u t - o u t p u t  
r e l a t i o n s h i p s  o f  th e  column. By v i r t u e  o f  i t s  
p a r t i c u l a r  a p p ro ac h  to  c o n t r o l  i t  o f f e r s  th e  
f l e x i b i l i t y  and r e l i a b i l i t y  to  h a n d le  a l l  k in d  o f  
p o s s i b l e  d i s t u r b a n c e s  such  a s  f e e d  s t r e a m s  d i s t u r b a n c e s ,  
w e a th e r  c o n d i t i o n s ,  e t c .
T h is  c o n t r o l  scheme was v e r i f i e d  by a p p ly in g  i t  
to  th e  c o n t r o l  o f  a  d i g i t a l l y  s im u la t e d  d i s t i l l a t i o n  
column, f i v e  f e e t  i n  d ia m e te r ,  s e p a r a t i n g  a  f  i v e  -  
component sys tem  when th e  column was s u b j e c t  to  f e e d  
r a t e  and f e e d  c o m p o s i t io n  d i s t u r b a n c e s .  P e r f e c t  
c o n t r o l  was o b ta in e d  f o r  c o n t r o l l i n g  e i t h e r  one o f  
th e  end p ro d u c t s  o r  b o th  end p r o d u c t s .  The i n t e r a c t i o n
x i i i
prob lem  was r e s o lv e d  p ro v id e d  t h a t  one o f  th e  
m a n ip u la te d  v a r i a b l e s ,  i . e . ,  r e f l u x  r a t e ,  was a l lo w e d  
to  v a ry  o v e r  a  c e r t a i n  r a n g e .
O th e r  c o n t r o l  schem es i n c l u d i n g  fe e d b a c k  c o n t r o l ,  
f e e d fo rw a rd  c o n t r o l  and combined fe e d b a c k ,  f e e d fo rw a rd  
c o n t r o l  w ere a l s o  s t u d i e d  and com pared.
A d e t a i l e d  dynamic m a th e m a t ic a l  model w hich 
i n c l u d e s  th e  e f f e c t s  o f  t r a y  h y d r a u l i c s ,  en e rg y  
b a l a n c e ,  and n o n - l i n e a r  v a p o r - l i q u i d  e q u i l i b r iu m  was 
d e v e lo p e d  f o r  th e  p u rp o s e  o f  com puter  s i m u l a t i o n  o f  
m u lt ico m p o n en t d i s t i l l a t i o n  colum ns. I n s t e a d  o f  
i t e r a t i v e  m ethods , d i r e c t  t r a y - t o - t r a y  c a l c u l a t i o n s  
w ere employed to  o b t a i n  th e  t r a n s i e n t  v a p o r  f lo w  r a t e  
p r o f i l e  th ro u g h o u t  t h e  column. By d o in g  so th e  
com puting  sp e e d  was im proved s u b s t a n t i a l l y .
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CHAPTER X INTRODUCTION
The a u to m a t ic  c o n t r o l  o f  d i s t i l l a t i o n  colum ns 
h a s  "been one o f  th e  m ost p o p u la r ,  i n t e r e s t i n g  and 
c h a l l e n g in g  s u b j e c t s  i n  th e  f i e l d  o f  ch em ica l 
e n g in e e r in g  p r o c e s s  dynam ics and  c o n t r o l .  Tremendous 
e f f o r t  h a s  b een  d e v o te d  to  th e  d ev e lo p m en t o f  column 
dynam ics and c o n t r o l  t e c h n iq u e s  th ro u g h  b o th  
t h e o r e t i c a l  and e x p e r im e n ta l  s t u d i e s .  However, th e  
enormous c o m p le x i ty  o f  t h e  d i s t i l l a t i o n  p r o c e s s  
i t s e l f  and th e  l a r g e  number o f  p o s s i b l e  c o n t r o l  
c o n f i g u r a t i o n s  h av e  a lw ay s  been  t h e  s tu m b l in g  b lo c k  
f o r  one t o  draw an i n t e g r a t e d  p i c t u r e  o f  a l l  a s p e c t s  
o f  d i s t i l l a t i o n  column c o n t r o l .  The n o n l i n e a r  
m u l t i v a r i a b l e  and d i s t r i b u t i v e  n a t u r e  o f  th e  
d i s t i l l a t i o n  p ro c e s s  h a s  s e v e r e l y  ham pered t h e  
d eve lopm en t o f  a  co m p le te  m a th e m a t ic a l  model t o  
d e s c r i b e  th e  dynamic b e h a v io r  o f  d i s t i l l a t i o n  
colum ns. M oreover, th e  m u l t i s t a g e  n a t u r e ,  many 
p o s s i b l e  d i s t u r b a n c e s ,  i n t e r a c t i o n  problem  and  th e  
l a c k  o f  o n - l i n e  a n a ly z e r  o f  th e  d e s i r e d  ty p e  
have made p r e c i s e  c o n t r o l  o f  d i s t i l l a t i o n  colum ns 
e x t re m e ly  d i f f i c u l t .
I n  e a r l y  p r a c t i c e ,  t h e  d e s ig n  o f  ch em ic a l 
p r o c e s s e s  was e x c l u s i v e l y  b a s e d  on s te a d y  s t a t e  
i n f o r m a t io n  and th e  p r o c e s s  c o n t r o l  c o n f i g u r a t i o n s
2w ere d e te rm in e d  m a in ly  "by i n t u i t i o n .  I t  h a s  been  
r e c o g n iz e d  r e c e n t l y  t h a t  a  s u c c e s s f u l  p r o c e s s  d e s ig n  
and o p e r a t i o n  n o t  o n ly  r e q u i r e s  s t e a d y  s t a t e  
in f o r m a t io n  b u t  th e  dynamic b e h a v io r  o f  sy s te m s  as  
w e l l .  As th e  t r e n d  o f  modern c h e m ic a l  p l a n t s  te n d s  to  
b e  l a r g e  s c a l e  and th e  th ro u g h p u t  o f  each i n d i v i d u a l  
p r o c e s s  becomes b ig g e r  and b i g g e r ,  t h e r e  i s  a  grow ing  
a p p r e c i a t i o n  t h a t  a  s m a l l  im provem ent o f  th e  p ro d u c t  
q u a l i t y  and a  l i t t l e  s a v in g  o f  t h e  u t i l i t i e s  co u ld  
mean a  l a r g e  econom ic s a v in g .  As p o in te d  o u t  by 
B ax ley  (7 )  a  one p e r c e n t  im provem ent i n  e th y le n e  
r e c o v e r y  in  an  e th y le n e  p l a n t  w i th  th e  c a p a c i t y  o f  
one b i l l i o n  p o in d s  p e r  y e a r  c o u ld  p ro d u ce  an 
a d d i t i o n a l  p r o f i t  o f  $ 300 ,000  p e r  y e a r .  C o n se q u e n t ly ,  
w i th  t h e  p r o g r e s s  i n  t h e  d ev e lo p m en t o f  advanced  
p r o c e s s  c o n t r o l  i n s t r u m e n t a t i o n  and  h ig h  sp e ed  
co m p u te rs ,  th e  employment o f  more s o p h i s t i c a t e d  c o n t r o l  
schem es a p p e a rs  to  have  c o n s i d e r a b l e  econom ic m e r i t .
F o r  th e  p a s t  s e v e r a l  d e c a d e s  fe e d b a c k  c o n t r o l  
haB b een  th e  m a jo r  t a c t i c  f o r  c o n t r o l  o f  d i s t i l l a t i o n  
co lum ns. F eedback  c o n t r o l  may p r o v id e  an a c c e p t a b l e  
c o n t r o l  d e s p i t e  knowing r e l a t i v e l y  l i t t l e  a b o u t  th e  
sy s tem  dynam ics . However, s i n c e  i t  c o n t r o l s  th e  
p r o c e s s  e s s e n t i a l l y  by  t r i a l  and e r r o r ,  p e r f e c t  
c o n t r o l  cam n e v e r  be  o b ta in e d .
A cc o rd in g  to  th e  ty p e  o f  m easurem ent, fe e d b a c k  
c o n t r o l  can b e  c l a s s i f i e d  a s  : ( 1 ) fe e d b a c k  
te m p e r a tu r e  c o n t r o l  and ( 2 ) fee d b a ck  c o m p o s i t io n  
c o n t r o l .  Feedback te m p e r a tu r e  c o n t r o l  h a s  lo n g  been  
u se d  to  c o n t r o l  th e  p r o d u c t  c o m p o s i t io n  i n d i r e c t l y  by 
c o n t r o l l i n g  th e  t r a y  te m p e r a tu r e  i n  th e  column. 
Feedback c o m p o s i t io n  c o n t r o l  h a s  b ee n  s u b j e c t  to 
l e s s  a p p l i c a t i o n  due to  th e  f o l lo w in g  r e a s o n s :
( 1 )  O n -s tream  a n a l y z e r s  a r e  much more e x p e n s iv e  
to  i n s t a l l  and to  m a in ta in  th a n  te m p e r a tu r e  d e t e c t o r s .
( 2 ) 53ie c o n t r o l  i s  i n e f f i c i e n t  b e c a u s e  th e  
in f o r m a t io n  a v a i l a b l e  from  th e  a n a l y z e r s  i s  on a  
d i s c r e t e  b a s i s ;  u n a c c e p ta b ly  lo n g  t im e s  a r e  o f t e n  
r e q u i r e d  f o r  a  co m p le te  a n a l y s i s .
Feedback te m p e r a tu r e  c o n t r o l  h a s  th e  p r o p e r ty  o f  
h a v in g  r e l a t i v e l y  f a B t  b u t  l e s s  a c c u r a t e  r e s p o n s e .  
A d d i t i o n a l l y  i t  i s  s u b j e c t  to an  i n h e r e n t  o f f s e t  o f  
th e  p r o d u c t  c o m p o s i t io n  b e c a u se  a  c o n t r o l  o f  a  
s e l e c t e d  t r a y  te m p e r a tu r e  i n  th e  column s im ply  does  
n o t  g u a r a n te e  a  c o n t r o l  o f  th e  p r o d u c t  c o m p o s i t io n .
I n  m u lt ico m p o n en t sy s tem s  w i th  f e e d  c o m p o s i t io n  
c h a n g e s ,  th e  fe e d b a ck  te m p e r a tu r e  c o n t r o l  method 
m ig h t  even become i n t o l e r a b l e .
Gn th e  o t h e r  h an d , f e e d b a c k  c o m p o s i t io n  c o n t r o l
4w ith  o n - l i n e  s tre a m  a n a l y z e r s  can m easu re  th e  
c o m p o s i t io n  w i th  h ig h  a c c u ra c y  and th u s  e l i m i n a t e  
lo n g - te r m  o f f s e t .  However, t h i s  m ethod e x p e r i e n c e s  
slow  r e s p o n s e  b e c a u s e  o f  t h e  sam pled and d e la y e d  
n a t u r e  o f  th e  m easurem ent. A lth o u g h  r e c e n t  
d e v e lo p m e n ts  i n  h ig h  speed  p r o c e s s  g a s  ch ro m a to g rap h s  
may e l i m i n a t e  t h i s  d i s a d v a n ta g e ,  t h e  o s c i l l a t i o n  
i n h e r e n t  i n  a  feed b a c k  c o n t r o l  sy s tem  would n e v e r  be 
e l i m i n a t e d .
One o f  th e  p ro m is in g  c o n t r o l  t e c h n iq u e s  w hich  
overcom es many o f  th e  d i s a d v a n ta g e s  o f  fe e d b a c k  
c o n t r o l  i s  f e e d fo rw a rd  c o n t r o l .  U n l ik e  fe e d b a c k  
c o n t r o l ,  f e e d fo rw a rd  c o n t r o l  t a k e s  c o r r e c t i v e  a c t i o n  
a s  soon  a s  th e  d i s t u r b a n c e s  e n t e r  t h e  sy s te m . I t  
p r e d i c t s  how much c o r r e c t i v e  a c t i o n  a  change i n  
i n p u t  to  a  p r o c e s s  w i l l  r e q u i r e  and when th e  c o r r e c t i o n  
s h o u ld  o c c u r .  The s u c c e s s  o f  th e  a p p l i c a t i o n  o f  
f e e d fo r w a rd  c o n t r o l  depends  h e a v i l y  upon th e  a c c u ra c y  
o f  a  m a th e m a t ic a l  model o f  t h e  p l a n t .  F eed fo rw ard  
c o n t r o l  o f  d i s t i l l a t i o n  columns h a s  r e c e i v e d  l i t t l e  
a t t e n t i o n  u n t i l  t h e  p a s t  d ecad e  when c o n t in u o u s  
m o n i to r s  o f  d i s t u r b a n c e s  and th e  h ig h  sp eed  d i g i t a l  
p r o c e s s  c o n t r o l  co m p u te rs  became a v a i l a b l e .
The d e s ig n  o f  f e e d fo rw a rd  c o n t r o l l e r s  m ust b e  
b a se d  on e i t h e r  a  t h e o r e t i c a l  o r  e x p e r im e n ta l  model 
o f  th e  p r o c e s s e s .  The d e s ig n  o f  a  f e e d fo rw a rd
5c o n t r o l l e r  "based on a  co m p reh en s iv e  m a th e m a t ic a l  model 
i s  u s u a l l y  too  c o m p lic a te d  to  h e  r e a l i s t i c ,  e s p e c i a l l y  
f o r  m u lt ico m p o n en t sy s te m s ,  l i n e a r i z a t i o n  o f  th e  
p r o c e s s  model may r e d u c e  th e  c o m p le x i ty  o f  th e  m odels 
a t  t h e  expense  o f  l o s i n g  a c c u r a c y .  In  g e n e r a l ,  th e  
model i s  l i n e a r i z e d  a ro u n d  t h e  s t e a d y  s t a t e  c o n d i t i o n s .  
However, i f  t h e  d i s t u r b a n c e s  a r e  to o  l a r g e  th e  
a p p l i c a b i l i t y  o f  th e  l i n e a r i z e d  model may b e  d o u b t f u l .
A r e l a t i v e l y  s im p le  and s t r a i g h t f o r w a r d  way to  
d e s ig n  th e  f e e d fo rw a rd  c o n t r o l l e r s  i s  to  d e v e lo p  
e m p i r i c a l  m odels  th ro u g h  e x p e r im e n ta l  s t u d i e s  u s in g  
p u l s e  t e s t i n g  o r  s t e p  r e s p o n s e  m e thods .
The d i s a d v a n ta g e  o f  t h i s  a p p ro a c h  i s  t h a t  i t  
r e q u i r e s  a  number o f  p l a n t  t e s t s  to  e s t a b l i s h  a 
u s e f u l  m odel. T hese  p l a n t  t e s t s  may be  e i t h e r  
c o s t l y  o r  d i f f i c u l t  to  p e r fo rm . Sometimes th e y  may 
even  become u n r e a l i z a b l e  b e c a u s e  o f  t h e  e x i s t i n g  
p r o c e s s  r e s t r i c t i o n s .
N o tw i th s ta n d in g  t h e  s o u rc e  o f  th e  m odel, th e  
d e s ig n  o f  f e e d fo rw a rd  c o n t r o l l e r s  o f  d i s t i l l a t i o n  
colum ns re m a in s  t h e  same, nam ely to  d e v e lo p  c o r r e l a t i o n s  
r e l a t i n g  i n p u t  v a r i a b l e s  ( f e e d  c o n d i t i o n s  and 
m a n ip u la te d  v a r i a b l e s )  to  o u tp u t  v a r i a b l e s  ( c o n t r o l  
v a r i a b l e s ) .
The p u rp o se  o f  t h i s  s tu d y  i s  to  d e v e lo p  a  new 
f e e d f o rw a rd  c o n t r o l  scheme w hich  e l i m i n a t e s  th e  
r e q u i r e m e n t  o f  h a v in g  an o v e r a l l  column model and to  
t e s t  i t s  c a p a b i l i t y  by a p p ly in g  i t  to  th e  c o n t r o l  o f  
a  s im u la t e d  m u lt ico m p o n en t d i s t i l l a t i o n  column.
The c o n t e n t  o f  t h i s  s tu d y  may th u s  b e  summ arized 
a s  f o l lo w s :
(1 )  To d e v e lo p  a  dynamic m a th e m a t ic a l  model w hich  
i n c l u d e s  t r a y  h y d r a u l i c s ,  n o n - l i n e a r  v a p o r - l i q u i d  
e q u i l i b r i u m ,  and en e rg y  e f f e c t  f o r  t h e  com puter 
s i m u l a t i o n  o f  m u lt ico m p o n en t d i s t i l l a t i o n  colum ns.
(2 )  To choose  an  e x a m p l i f i e d  column, f i v e  f e e t  i n  
d i a m e te r ,  s e p a r a t i n g  a  f i v e  com ponent sy s tem  ( p ro p a n e ,  
i s o - b u t a n e ,  n - b u t a n e ,  i s o - p e n t a n e  and n - p e n ta n e )  to  
n u m e r i c a l l y  i n v e s t i g a t e  th e  p r o c e s s  dynam ics o f  
m u lt ico m p o n en t d i s t i l l a t i o n .
( 3 )  To d e v e lo p  a  new f e e d fo rw a rd  c o n t r o l  scheme 
w h ich  i s  c a p a b le  o f  th e  c o n t r o l  o f  e i t h e r  one o r  two 
p r o d u c t  c o m p o s i t io n s .
( 4 )  To u s e  t h e  dynamic m odel and th e  e x e m p l i f ie d  
column to  t e s t  th e  e f f e c t i v e n e s s  o f  th e  d e v e lo p e d  
f e e d fo rw a rd  c o n t r o l  scheme.
(5 )  To compare t h e  c o n t r o l  p e r fo rm a n c e s  o f  th e  
d e v e lo p e d  f e e d f o rw a rd  c o n t r o l  scheme w i th  c o n v e n t io n a l  
f e e d b a c k  c o n t r o l ,  f e e d fo rw a rd  c o n t r o l ,  and  combined
fe ed b a c k  and fe e d fo rw a rd  c o n t r o l .
CHAPTER I I  LITERATURE REVIEW 
M a th e m a tic a l  Models and Column Dynamics
The s tu d y  o f  th e  u n s te a d y  s t a t e  "behavior o f
d i s t i l l a t i o n  columns was p io n e e re d  by t h e  work o f
M a rs h a l l  and P ig f o r d  ( 4 4 )  i n  1947. I t  h a s  r e c e i v e d
e x te n s iv e  i n v e s t i g a t i o n  s i n c e .  A trem endous number
o f  a r t i c l e s  h av e  been  p u b l i s h e d  on t h i s  i n t e r e s t i n g
s u b j e c t .  A th o ro u g h  and c r i t i c a l  r e v ie w  o f  th e
e a r l y  p u b l i c a t i o n s  was made by A rc h e r  and R o th fu s
♦
( 5 ) ,  W il l ia m s  ( 7 8 ) ,  Gould ( 2 1 ) ,  and  R o s e n b ro c k (6 3 ) .  
H o lla n d  (22)  p r e s e n t e d  an  r e c e n t  r e v ie w  o f  th e  
l i t e r a t u r e  p u b l i s h e d  p r i o r  to  1966. I  & EC re v ie w  
a r t i c l e s  on D i s t i l l a t i o n  (9 )  and  P r o c e s s  C o n tro l  
( 7 9 ) g iv e  an o v e r a l l  p i c t u r e  o f  t h e  c u r r e n t  
p u b l i c a t i o n s  i n  t h i s  f i e l d .
M ost o f  th e  work h a s  b een  d i r e c t e d  tow ard  b i n a r y  
sy s te m s  and r e l a t i v e l y  l i t t l e  e f f o r t  h a s  b e e n  d e v o te d  
to  t h e  m u lt ico m p o n en t sy s te m . The f o l lo w in g  r e f e r e n c e s  
c i t e d  w i l l  d e a l  e x c l u s i v e l y  w i th  b i n a r y  sy s tem s  
u n l e s s  o th e r w is e  s t a t e d .
I n  o r d e r  to  s o lv e  th e  c o m p l ic a te d  d i s t i l l a t i o n  
p rob lem  num erous a s su m p tio n s  a r e  u s u a l l y  made.
M a r s h a l l  and P ig f o r d  ( 44 )  assum ed:
( 1 )  L in e a r  v a p o r - l i q u i d  e q u i l i b r iu m  r e l a t i o n s h i p s
( 2 )  N e g l i g i b l e  v a p o r  h o ld u p s  and th e  l i q u i d
9h o ld u p s  a r e  in d e p e n d e n t  o f  t im e  and s t a g e  
number
( 3 )  The v a p o r  and l i q u i d  f low  r a t e s  a r e  
in d e p e n d e n t  o f  t im e  and s t a g e  number
( 4 )  P e r f e c t l y  mixed h o ld u p s
These have become more o r  l e s s  s t a n d a r d  
a s s u m p tio n s  i n  l a t e r  s t u d i e s .  Among th o s e  s t u d i e s  i n  
c o n n e c t io n  w ith  b i n a r y  d i s t i l l a t i o n ,  Huckaba and h i s  
c o -w o rk e rs  (26)  and  G e r s t e r ,  e t  a l .  ( 5 , 6 , 4 3  ) a r e  
e s p e c i a l l y  n o te d  f o r  t h e i r  good e x p e r im e n ta l  
v e r i f i c a t i o n  o f  m a th e m a t ic a l  m ode ls .
P e i s e r  and G rover ( 54)  w ere th e  f i r s t  to  p r e s e n t  
a co m p reh en s iv e  m a th e m a t ic a l  model f o r  m u lt ico m p o n en t  
d i s t i l l a t i o n .  The model t a k e s  a c c o u n t  o f  th e  e f f e c t  o f  
e n e rg y ,  t r a y  h y d r a u l i c s  and  C ondenser and r e b o i l e r  
h e a t  ex ch an g e r  dynam ics . The model was u s e d  to  o b t a i n  
th e  dynam ics o f  t h e  p r o c e s s  and s e rv e d  a s  a g u i d e l i n e  
tow ard  a  b e t t e r  c o n t r o l  o f  an  a c t u a l  s e v e n t e e n - t r a y  
column w hich was e x p e r i e n c i n g  th e  f o l lo w in g  
d i f f i c u l t i e s :
( 1 )  U n s ta b le  c o n t r o l  o f  th e  b o tto m s  c o m p o s i t io n
( 2 )  F lo o d in g  i n  th e  column
( 3 ) i l r r a t i c  b o tto m  l i q u i d  l e v e l  b e h a v io r
The m ethod  u sed  to  s o lv e  t h e  p ro p o se d  model was n o t  
m e n tio n e d .
Cadman ( 15)  p r e s e n te d  s e v e r a l  l i n e a r i z e d  m odels
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to  be  u se d  f o r  c o n t r o l  sy s tem  d e s ig n  and a n a l y s i s  o f  
a  t e r n a r y  d i s t i l l a t i o n  sy s te m . The m odels  assum ed 
l i n e a r  and l i n e a r i z e d  v a p o r - l i q u i d  e q u i l i b r iu m  
r e l a t i o n s h i p s  and gave  no c o n s i d e r a t i o n  o f  t h e  e f f e c t s  
o f  e n e rg y  and t r a y  h y d r a u l i c s .  T a y lo r  s e r i e s  e x p a n s io n  
o f  t h e  s te a d y  s t a t e  c o n d i t i o n s  w ere u s e d  to  a c c o u n t  
f o r  t h e  n o n l i n e a r i t i e s  i n  one m odel.
T ran m o n tln  (72)  f o l lo w e d  C adm an 's a p p ro a c h  w i th  
c o n s i d e r a t i o n  o f  n o n id e a l  m i x t u r e ? , t r a y  h y d r a u l i c s  and 
e n e rg y  e f f e c t s .  He p r e s e n t e d  f o u r  l i n e a r i z e d  m odels  
w i th  d i f f e r e n t  d e g r e e s  o f  c o m p le x i ty  and com pared t h o s e  
w i th  a  n o n - l i n e a r  m odel. The e n e rg y  b a l a n c e  was 
r e p o r t e d  to  h av e  a  g r e a t e r  e f f e c t  th a n  t r a y  h y d r a u l i c s  
on t h e  m a g n itu d e  o f  colum n t r a n s f e r  f u n c t i o n s .  
A d d i t i o n a l l y ,  t h e  n o n i d e a l  m ix tu r e  c o u ld  g iv e  r i s e  to  
i n s t a b i l i t y  o f  c o n t r o l .
H o lla n d  an d  h i s  c o -w o rk e rs  ( 2 2 ,7 1 ,7 3 )  h a v e  done 
e x t e n s i v e  work on d i g i t a l  s i m u l a t i o n  o f  m u lt ico m p o n e n t 
d i s t i l l a t i o n  p r o c e s s e s .  I n  t h e i r  l a t e r  work ( 7 1 ) ,  a  
v e r y  g e n e r a l i z e d  model w h ich  c o u ld  h a n d le  th e  e f f e c t s  
o f  c h a n n e l in g ,  t r a n s f e r  l a g ,  m ix in g ,  and mass and  h e a t  
t r a n s f e r  on ea ch  t r a y  was d e v e lo p e d .  The m ethod u se d  
to  s o lv e  t h e  e q u a t io n s  i n  t h e i r  m ode ls  was b a s e d  upon  
t h e  T h ie l e  and  Geddes c a l c u l a t i o n a l  p r o c e d u r e s  and  th e  
£  m ethod o f  c o n v e rg e n c e  ( 2 3 ) .  At ea c h  t im e  in c re m e n t  
a  s e t  o f  t e m p e r a tu r e s ,  and  v a p o r  and  l i q u i d  f lo w  r a t e s
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i s  assum ed and th e  c a l c u l a t i o n s  a r e  i t e r a t e d  u n t i l  
t h e  ch a n g es  be tw een  s u c c e s s i v e  s e t s  o f  c a l c u l a t e d  f low  
r a t e s  c o n v e rg e  to  some p r e a s s ig n e d  v a l u e s .
P ic o u  (55 )  u s e d  a  d i f f e r e n t  a p p ro a c h  from H o l l a n d s '  
to  o b t a i n  th e  t r a n s i e n t  s o l u t i o n  b u t  th e  i t e r a t i v e  
c a l c u l a t i o n  n a t u r e  re m a in e d  th e  same.
T r a d i t i o n a l l y ,  b u b b le  p o i n t  t e m p e r a tu r e s  w ere  
c a l c u l a t e d  by i t e r a t i v e  m e th o d s . Snyder ( 6 8 ) and 
T ram o n tin  (72)  d e r iv e d  a  d i f f e r e n t i a l  e q u a t io n  ( b u b b le  
p o i n t  e q u a t io n  ) w h ich  d e s c r i b e s  t h e  change o f  b u b b le  
p o i n t  te m p e ra tu r e  d u r in g  t h e  t r a n s i e n t  p e r io d  f o r  
ea ch  t r a y  and th u s  e l i m i n a t e d  t e m p e r a tu r e  i t e r a t i o n s  
s u b s e q u e n t  to  each  n u m e r ic a l  t im e  s t e p .  The b u b b le  
p o i n t  e q u a t io n s  w ere  a l s o  u s e d  to  c o n s t r u c t  th e  
d e r i v a t i v e s  o f  l i q u i d  e n t h a l p i e s  w i th  r e s p e c t  to  t im e  
w hich  a r e  in d e p e n d e n t  o f  e n e rg y  b a l a n c e  e q u a t io n s .  By 
u t i l i z i n g  th e  ab o v e -m e n tio n e d  e q u a t io n s ,  S nyder w ent a  
s t e p  f u r t h e r  and s o lv e d  t h e  v a p o r  f lo w  r a t e s  
s im u lta n e o u is ly  u s i n g  m a t r i x  m a n ip u la t io n .
A lth o u g h  th e  m a th e m a t ic a l  m ode ls  o f  m u lt ico m p o n en t 
d i s t i l l a t i o n  columns have  b e e n  d ev e lo p e d  i n  g r e a t  
d e t a i l  t h e r e  e x i s t s  l i t t l e  .e x p e r im e n ta l  
v e r i f i c a t i o n  o f  t h e s e  m o d e ls .  Howard ( 24 ) o b ta in e d  
th e  t r a n s i e n t  d a t a  o f  a  f o u r t e e n  t r a y  column 
e x p e r i m e n ta l ly  d u r in g  a  s t a r t - u p  p e r io d  a t  t o t a l  
r e f l u x  and  compared t h i s  w i th  d i g i t a l  s i m u l a t i o n
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r e s u l t s  b a se d  on a  model w hich  e x c lu d e d  t r a y  
h y d r a u l i c s .  The ag re e m e n t be tw een  th e  e x p e r im e n ta l  
d a t a  and th e  s i m u la t i o n  was n o t  s a t i s f a c t o r y .  No 
e x p e r im e n t  was p e rfo rm e d  f o r  th e  c a s e  d u r in g  norm al 
o p e r a t i n g  c o n d i t i o n s .
O sborne (5 2 )  d e r iv e d  p a r t i a l  d i f f e r e n t i a l  
e q u a t io n s  by t r e a t i n g  th e  e q u a t io n s  a 3 c o n t in u o u s  i n  
th e  t h e o r e t i c a l  s t a g e  d i r e c t i o n  and  d i s c r e t e  i n  t im e  
to  o b t a i n  u n s te a d y  s t a t e  b e h a v io r  o f  m u lt ic o m p o n e n t  
d i s t i l l a t i o n  co lum ns. C o n s ta n t  m o la l  o v e r f lo w  was 
assum ed. The co n v e rg e n c e  p r o c e d u re  a t  each  tim e  
in c re m e n t  was r e p o r t e d  to  be  u n r e l i a b l e  b e c a u s e  o f  
i t s  dependence  on  a  number o f  e m p i r i c a l  c o n s t a n t s .
The m a io r  a d v a n ta g e  o f  t h i s  a p p ro a c h  i s  t h a t  i t  a l lo w s  
b i g g e r  tim e  s t e p s  and i s  a b u n d a n t ly  s u i t e d  to  h y b r id  
s o l u t i o n .
P u re  e x p e r im e n ta l  s tu d y  h a s  b e e n  u se d  to  d e te rm in e  
th e  column dynam ics v i a  t h e  a n a l y s i s  o f  f re q u e n c y  
r e s p o n s e  (2 , 10 , 12 , 8 3 ) ,  p u l s e  t e s t i n g  ( 2 9 ,58,85  ) a rd  
s t e p  t r a n s i e n t  r e s p o n s e  (7 5 , 7 6 , 8 3 ) f o r  b i n a r y  sy s te m .
R e n fro e  t58 ) i n v e s t i g a t e d  m u lt ico m p o n en t 
d i s t i l l a t i o n  column dynam ics e x p e r im e n ta l ly  f o r  f e e d  
c o m p o s i t io n  c h a n g es  i n  a  two f o o t  d i a m e te r ,  t e n  t r a y  
colum n. S te p  change and p u l s e  t e s t i n g  t e c h n iq u e s  
w ere u se d  to  d e te rm in e  column t r a n s f e r  f u n c t i o n s .
The r e s u l t i n g  e m p i r i c a l  column m odel was s im u la t e d  on a
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d i g i t a l  com pu te r . The d i g i t a l  s i m u l a t i o n  showed th e  
same t r e n d s  i n  t h e  n a t u r e  o f  t h e  r e s p o n s e  "but p ro d u ced  
d i s c r e p a n c i e s  i n  t h e  c o m p o s i t io n  v a l u e s .
C o n t ro l  o f  D i s t i l l a t i o n  Columns
The a u to m a t ic  c o n t r o l  o f  c o n t in u o u s  d i s t i l l a t i o n  
colum ns a t  an  e a r l y  d a t e  was baBed upon e m p i r i c a l  
s t u d i e s .  T h e o r e t i c a l  s t u d i e s  o f  d i s t i l l a t i o n  
c o n t r o l  s t a r t e d  i n  t h e  m id d le  o f  th e .  1 9 6 0 's* , W i l l ia m s ,  
e t  a l .  ( 6 0 ,7 7 ,8 0 ,8 1 )  u se d  an  a n a lo g  com puter  to  s im u la t e  
a  f i v e  p l a t e  column and d i s c u s s e d  fe e d b a c k  c o n t r o l l e r  
s e t t i n g s  and  an  o p t im a l  c o n t r o l  system  i n  t h e  s e n se  
o f  i n s t r u m e n t a t i o n .  T h e ir  s t u d i e s  showed p r o p o r t i o n a l  
p l u s  i n t e g r a l  c o n t r o l  was a d e q u a te  w h i le  t h e  d e r i v a t i v e  
mode was c o m p le te ly  i n e f f e c t i v e .  The to p  p l a t e  was r e p o r t e d  
to  b e  th e  b e s t  l o c a t i o n  o f  t h e  s e n s o r  f p r  c o n t r o l l i n g  tp p  
p r o d u c t  c o m p o s i t io n  i f  th e  m e a s u r in g  e le m e n t  i s  
s u f f i c i e n t l y  s e n s i t i v e .
B e r t r a n s  and  J o n e s  ( 8  ) a n a ly z e d  t h e  c o n t r o l  
sy s tem  by a  M cC abe-T hie le  d iag ram . J a f i r ,  e t  a l .  ( 28) 
d e te rm in e d  o p t im a l  c o n t r o l l e r  s e t t i n g s  by a n a lo g  
s i m u l a t i o n  u s i n g  an  i n t e g r a l  s q u a re  e r r o r  c r i t e r i o n .
The i n t e r a c t i o n  p rob lem  b e tw een  two m a n ip u la te d  
v a r i a b l e s  was n o t i c e d .  R i j i n s d o r p  (5 7 ) s t u d i e d  a  two 
v a r i a b l e  c o n t r o l  sy s tem  by a n a l y s i s  o f  a  s i g n a l  f lo w  
d ia g ra m . D av ison  (1 7 )  d e v e lo p e d  an  a p p ro x im a te  
l i n e a r i z e d  m a th e m a t ic a l  model and  u s e d  m odal a n a l y s i s
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to  d e s ig n  a  fe e d b a c k  c o n t r o l  sy s tem  w i th  p r e s s u r e
v a r i a t i o n .  Wood  ^82) and lu y b e n  ( 66 ) s t u d i e d  th e
e f f e c t s  o f  te m p e r a tu r e  c o n t r o l  t r a y  l o c a t i o n ,  lu y b e n
(3 9 )  r e p o r te d  th a t  by c o n t r o l l i n g  the d i f f e r e n c e
b e tw een  two te m p e r a tu r e  d i f f e r e n c e s  i n  t h e  c o lu m n ,th e
s te a d y  s t a t e  e r r o r  i n  t h e  c o n t r o l l e d  v a r i a b l e  was l e s s
t h a n  f o r  o t h e r  c o n v e n t io n a l  t e c h n iq u e s .  K r o p h o l l e r  and
S p ik e n s  (3 1 )  a n a ly z e d  th e  d e g r e e s  o f  freed o m  o f  s e v e r a l  
c o n v e n t io n a l  c o n t r o l  sy s te m s .
lu y b e n  ( 4 1 ) u se d  an  a d a p t i v e  n o n l i n e a r  fe e d b a c k  
c o n t r o l l e r  to  c o n t r o l  a  d i s t i l l a t i o n  column w i th  a  
s h a rp  te m p e r a tu r e  p r o f i l e .  B r o s i l o w ,e t  a l . ( 1 3 , 4 7 ) a p p l i e d  
n e a r l y  o p t im a l  o n - o f f  fe e d b a c k  c o n t r o l  b y  em ploy ing  
a  l i n e a r  c o m b in a t io n  o f  te m p e r a tu r e  m easu rem en ts  to  
c o n t r o l  a  r e c t i f y i n g  column ( 4 7 ) and th e n  a p p l i e d  t h i s  
m ethod to  a  co m p le te  d i s t i l l a t i o n  column ( 1 3 ) .  M a r t in  
( 4 5 ) p ro p o se d  a  " c o m b in a t io n  c o n t r o l  " sy s tem  b a s e d  
upon  th e  c o m b in a t io n  o f  th e  m easurem en ts  o f  i n t e r m e d i a t e  
t r a y  te m p e r a tu r e  and p r e s s u r e  d ro p .
C alvert-  and Coulman (1 6 )  p r e s e n t e d  a  q u a n t i t a t i v e  
d i s c u s s i o n  on fe e d fo rw a rd  c o n t r o l  o f  d i s t i l l a t i o n  
co lum ns. L u p fe r ,  e t  a l .  (3 5 )  d ev e lo p ed  an  a n a lo g  
c o n t r o l  sy s tem  f o r  i n t e r n a l  r e f l u x  c o n t r o l  and a  f e e d  
e n th a lp y  c o n t r o l  sy s tem  to  d e a l  w i th  t h e  d i s t u r b a n c e  
o f  s team  p r e s s u r e  ( 3 3 ) .  L u p fe r  and P a r s o n  (36 )  
p ro p o se d  s e v e r a l  f e e d fo rw a rd  c o n t r o l  schem es f o r
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d i f f e r e n t  s p e c i f i c a t i o n s  by c o p t r o l  o f  i n t e r n a l  r e f l u x  to  
f e e d  f lo w  r a t i o  and  u s i n g  a  com puter to  m a n ip u la te
b o tto m  p r o d u c t  f lo w . B o l l i n g e r  and Lamb (1 1 )  p r e s e n te d  
s y n t h e s i s  m ethods o f  f e e d fo rw a rd  c o n t r o l  sy s tem  f o r  
l i n e a r  t i m e - i n v a r i a n t  m u l t i v a r i a b l e  s y s te m s .
Luyben and G e r s te r  ( 4 2 ) examined t h e  e f f e c t i v e n e s s  
o f  f e e d fo rw a rd  c o n t r o l  e x p e r i m e n ta l l y .  A nalog 
s i m u l a t i o n  was u s e d  to  o b t a i n  f e e d fo rw a rd  c o n t r o l l e r  
t r a n s f e r  f u n c t i o n s  b a se d  on f r e q u e n c y  a n a l y s i s  o f  a  
l i n e a r  m odel. The l i n e a r  model was shown to  b e  a d e q u a te  
f o r  sm a l l  d i s t u r b a n c e s .
S h in sk ey  ( 6 5 ) p r e s e n t e d  m a t e r i a l  b a l a n c e  c o n t r o l  
schem es and a p p l i e d  t h e s e  to  a  s u p e r f r a c t i p n a t o r  ( 6 4 ) .
L u p fe r ,  e t  a l .  ( 3 0 ,3 4 )  d e v e lo p e d  an  a p p ro x im a te  
model e m p i r i c a l l y  and u s e d  t h i s  model to  d e s ig n  
f e e d fo rw a rd  c o n t r o l l e r s .  -Dynamic c o m p e n sa tio n  was 
added f o r  f e e d  r a t e  change b u t  i t  was found  u n n e c e s s a ry  
f o r  f e e d  c o m p o s i t io n  c h a n g e s .
A nderson ( 1 ) e x p e r i m e n ta l ly  s t u d i e d  th e  
a p p l i c a b i l i t y  o f  a  l i n e a r  model f o r  c o n t r o l  system  
d e s ig n .  Cadman (15 ) was th e  f i r s t  to  s tu d y  th e  
f e e d fo rw a rd  a n d / o r  f e e d b a c k  c o n t r o l  o f  a  m u lt ico m p o n en t 
d i s t i l l a t i o n  column i n  d e t a i l .  He u se d  s im p le  
l i n e a r i z e d  m odels  to  i n v e s t i g a t e  t h e  p e r fo rm a n c e  o f  
c o n t r o l  sy s tem s  f o r  a  f i v e  t r a y  column s e p a r a t i n g  a 
t h r e e  component sy s te m . R e f lu x  f lo w  r a t e  and  r e b o i l e r
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b o i l - u p  r a t e  w ere  u sed  to  c o n t r o l  o v e rh e a d  and "bottoms 
p r o d u c t  c o m p o s i t io n  r e s p e c t i v e l y .  M ost o f  h i s  s tu d y  
was d ev o te d  to  f e e d  c o m p o s i t io n  d i s t u r b a n c e s .
Maddox, e t  a l .  ( 14 , 5 3 ) d e v e lo p e d  a  s i m p l i f i e d  
lumped model f o r  s tu d y in g  th e  fe e d fo rw a rd  c o n t r o l  o f  
p ro d u c t ,  c o m p o s i t io n  when t h e  column was s u b j e c t e d  to  
s m a l l  changes i n  f e e d  c o m p o s i t io n .
D is t e f a n o ,  e t  a l .  ( 1 8 )  u se d  H u ck ab as1 m odel to  
d e s ig n  a  f e e d fo rw a rd  c o n t r o l  system  f o r  an e x p e r im e n ta l  
b i n a r y  column f o r  a  se q u en ce  o f  f e e d  d i s t u r b a n c e s .
J a n i s  ( 2 9 ) o b ta in e d  th e  fe e d fo rw a rd  t r a n s f e r  
f u n c t i o n s  from e x p e r im e n ta l  p u l s e  t e s t i n g  d a t a  and 
com pared th e s e  w i th  c a l c u l a t e d  r e s u l t s  from a  l i n e a r  
m odel.
Luyben (3 7 ) employed a  fe e d  p l a t e  m a n ip u la t io n  
m ethod i n  f e e d fo r w a rd  c o n t r o l  and accom panied  t h i s  
w i th  a n  e x p e r im e n ta l  s tu d y  l a t e r  (6 9 )- This c o n t r o l  
scheme was p o i n t e d  o u t  to  b e  u s e f u l  w here p in c h  r e g io n s  
o c c u r  a t  th e  f e e d  p l a t e .
Luyben (38 ) i n v e s t i g a t e d  a  com bined f e e d fo rw a rd  
and i n t e r m e d i a t e  feed b ack  te m p e r a tu r e  c o n t r o l  system  
and r e p o r t e d  t h a t  i t  was e f f e c t i v e  and co u ld  r e d u c e  
th e  fe e d b a c k  i n t e r a c t i o n  p ro b lem .
Wood and P acey  (85 ) e v a lu a t e d  t h e  e f f e c t i v e n e s s  
o f  f e e d b a c k ,  f e e d fo r w a rd ,  and com bined f e e d fo rw a rd -  
f e e d b a c k  c o n t r o l  o f  a  b i n a r y  d i s t i l l a t i o n  column f o r
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f e e d  f low  r a t e  d i s t u r b a n c e s .  P u l s e  t e s t s  w ere  u s e d  
to  d e te rm in e  column t r a n s f e r  f u n c t i o n s .
Svrcek and W ilson  (7 0 )  p ro p o se d  t h r e e  d i f f e r e n t  
f e e d fo rw a rd  c o n t r o l  schemes and r e p o r t e d  t h e s e  d id  
p r o v id e  th e  d e s i r e d  c o n t r o l  i n  t h e  p l a n t .  P u l s e  
t e s t i n g  d a t a  were f i t t e d  to  a  second  o r d e r  p l u s  dead 
t im e  model w hich  was r e p o r t e d  to  b e  s u f f i c i e n t  to  
r e p r e s e n t  th e  column dynam ics . The c o n t r o l l e r  s e t t i n g  
p r e d i c t e d  by  th e  s i m u l a t i o n  was found  to  b e  c o n s id e r a b ly  
d i f f e r e n t  from th e  v a l u e s  b e s t  tu n e d  i n  th e  p l a n t .
M cN eill and S acks  (4 6 ) p ro p o se d  a  b a n g -b a n g  
c o n t r o l  system  and  t h i s  was a p p l i e d  to  a  t i g h t  q u a l i t y  
c o n t r o l  sy s tem .
CHAPTER I I I  DEVELOPMENT OP MATHEMATICAL MODEL
I t  i s  g e n e r a l l y  b e l i e v e d  t h a t  t h e  m a th e m a t ic a l  
m odel o f  m u lt ico m p o n en t d i s t i l l a t i o n  colum ns c o u ld  be 
d e v e lo p e d  to  w h a te v e r  d e g re e  o f  c o m p le x i ty  th ro u g h  
e x p e r im e n ta l  know ledge and t h e o r e t i c a l  i n s i g h t .
However, a  v e ry  co m p reh en s iv e  m a th e m a t ic a l  model m ig h t  
n o t  b e  o f  p r a c t i c a l  i n t e r e s t .  I n  g e n e r a l ,  t h e  ways 
o f  f o r m u l a t i n g  m a th e m a t ic a l  m odels  depend  h e a v i l y  upon 
th e  p u rp o s e s  o f  a p p l i c a t i o n ,  th e  a b i l i t y  and e f f i c i e n c y  
o f  eq u ipm en t a v a i l a b l e  f o r  s o lv i n g  t h e  r e s u l t i n g  
m o d e ls ,  and econom ic c o n s i d e r a t i o n s .
W ill ia m s  (7 8 )  haB d i s c u s s e d  t h e  e q u a t io n s  r e q u i r e d  
to  d e s c r i b e  a  co m p le te  dynamic m a th e m a t ic a l  model f o r  
a  p l a t e  d i s t i l l a t i o n  column i n  g r e a t  d e t a i l .  The 
e q u a t io n s  i n c l u d e  :
(1 )  A m a t e r i a l  b a l a n c e  e q u a t io n  f o r  each  com ponent 
l e s s  o ne , f o r  ea ch  w e l l -m ix e d  r e g i o n ,  on each  t r a y .
(2 )  An e n th a lp y  b a la n c e  e q u a t io n  f o r  each  w e l l -  
m ixed r e g i o n  on each  t r a y  r e l a t i n g  l i q u i d  and v a p o r  
f lo w  and h e a t  l o s s  o r  g a i n .
(3 )  An e q u a t io n  r e l a t i n g  th e  l i q u i d  dynam ics i n  
each  w e l l -m ix e d  r e g i o n  on each  t r a y .
(4 )  An e q u a t io n  r e l a t i n g  th e  v a p o r  dynam ics 
i n  each  w e l l -m ix e d  r e g i o n  on each  t r a y .
( 5 )  An e q u a t io n  r e l a t i n g  th e  f lo w  and p r e s s u r e  
dynam ics o f  th e  v a p o r  b e tw e en  t r a y s .
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( 6 )  An e n th a lp y  "balance e q u a t io n  r e l a t i n g  any 
h e a t  g a in  o r  I o s b  i n  t h e  r e g i o n  b e tw een  t r a y s  to  th e  
r e s u l t i n g  l i q u i d  and v a p o r  f lo w  r a t e s .
(7 )  An e q u a t io n  r e l a t i n g  th e  f l u i d  dynam ics o f  
th e  l i q u i d  f lo w in g  b e tw e e n  t r a y s .
(8 )  An e q u a t io n  f o r  each  w e l l -m ix e d  r e g i o n  on 
each  t r a y  r e l a t i n g  t h e  r a t e  o f  a t t a i n m e n t  o f  
e q u i l i b r iu m  b e tw een  l i q u i d  and v a p o r  i n  t h a t  r e g i o n .
I n  o r d e r  to  r e d u c e  th e  enormous c o m p le x i ty  o f  
th e s e  e q u a t io n s  th e  f o l lo w in g  s i m p l i f y i n g  a s su m p tio n s  
w ere made i n  t h e  d e r i v a t i o n  o f  a dynamic m a th e m a t ic a l  
model o f  a  m u lt ico m p o n e n t  d i s t i l l a t i o n  colum n.
(1 )  N e g l i g i b l e  h o ld u p  o f  v a p o r  on ea ch  t r a y .
(2 )  V a p o r - l i q u id  e q u i l i b r iu m  i s  i n s t a n t a n e o u s l y  
r e a c h e d .
(5 )  P e r f e c t  m ix in g  o f  l i q u i d  and v a p o r  on each
t r a y .
(4 )  A d ia b a t ic  colum n o p e r a t i o n ,  t h a t  i s ,  no h e a t  
i s  g a in e d  o r  l o s t  th r o u g h  th e  colum n w a l l .
(5 )  C o n s ta n t  p r e s s u r e  th r o u g h o u t  t h e  colum n.
A t y p i c a l  s c h e m a t ic  d iag ram  o f  a  c o n v e n t io n a l
d i s t i l l a t i o n  column I s  shown i n  F ig u r e  3-1* Eke 
e q u a t io n s  d e s c r i b i n g  th e  t r a n s i e n t  b e h a v io r  o f  a 
m u lt ico m p o n e n t  d i s t i l l a t i o n  column a r e  d e r iv e d  
s e p a r a t e l y ,  d e a l i n g  f i r s t  w i th  each  t r a y  i n  th e  column,
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CONDENSER
LCACCUMULATOR
Xd, Xd,
0
FC
TRAY I
F
XI | 
Tf
Xj.n
REBOILER
Xwj 
► W
F ig u r e  5-1  S ch em a tic  d iag ram  o f  a  c o n v e n t io n a l  
d i s t i l l a t i o n  column
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f o l lo w in g  by a c c u m u la to r  and r e b o i l e r .  A lth o u g h  
th e s e  e q u a t io n s  a r e  d e r iv e d  f o r  a  s i n g l e  f e e d  and two 
p r o d u c t s ,  t h e  model w i th  m u l t i p l e  f e e d s  and 
m u l t i p l e  s i d e  draws can  be  e a s i l y  m o d if ie d  w i th o u t  
d i f f i c u l t y .
The s c h e m a t ic  d iag ram  o f  f lo w  o f  s t r e a m s  f o r  
each  t r a y  i s  shown i n  F ig u r e  3 -2 .
M a th e m a t ic a l  Model
A. E q u i l i b r iu m  T ra y s :
O v e r a l l  M a te r i a l  B a la n c e  on Each Tray
F i r s t  t r a y :  
dM,
— ■i  = R ♦ V2 -  T, -  1 , ( 3 - D
d t
Second t r a y  to  N th t r a y :  
dM.
—  = Li 1 + “ Ln (5_2)
where
u 1 = 1, j  = f e e d  t r a y
u -j = °» j \  f e e d  t r a y
u 2 = 1, j = f e e d  t r a y  l e s s  one
u? = 0 , j  \  f e e d  t r a y  l e s s  one
Feed q u a l i t y ,  0 , i s  d e f in e d  a s  th e  m oles o f  
v apo r f lo w  i n  t h e  r e c t i f y i n g  s e c t i o n  t h a t  r e s u l t  from 
th e  i n t r o d u c t i o n  o f  each  mole o f  f e e d .  I t  h a s  th e  
fo l lo w in g  n u m e r ic a l  l i m i t s  f o r  v a r i o u s  fe e d  c o n d i t i o n s :  
0 = 0 , l i q u i d  f e e d
\  TRAY |-1
TRAY j
F ig u re  3-2  S ch em atic  d iag ram  o f  t r a y  
c o n f i g u r a t i o n
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O < 0 <  1, l i q u i d  and v a p o r  f e e d  
0  s  1, v a p o r  f e e d  
Component M a t e r i a l  B a la n c e  on Bach Tray 
F i r s t  t r a y :  
dM1X . ,
— i - i * - L =  RXdj  ^ + v2y i>2 -  ( 3 - 5 )
Second t r a y  to  Nth t r a y :  
dM.X, 1
- i r 1 -  + V i Yi . s +i -
" VDYi,D  + u i ( 1“0 ) p x f i  + u 2 ^F Y fi  ( 5 - 4 j
O v e r a l l  .Enthalpy B a la n c e  on Each T ray  
F i r s t  t r a y :
dM1Hi
- J - l  = RHa + V2 G2 -  Vl 8 l  -  1 1H1 ( 3 - 5 )
d t
Second t r a y  to  Nth t r a y :  
dM.H.
= X d - 1 H 3 - 1  + V i + 1 G3 + 1  '  L j H 5 '  v 3 ° d
+u1( 1 - 0 ) F H f +  u20F  Gf  ( 3 - 6 )
B. Condenser and A cc u m u la to r ;
A t o t a l  c o n d e n se r  i s  assum ed th ro u g h o u t  t h i s  study* 
O v e r a l l  M a t e r i a l  B a la n c e
dMa. = V1 -  R -  D ( 3 - 7 )
d t
Component M a t e r i a l  B a la n c e  
dM Xd,
 2 _ _ i  = V1Yi  1 -  (R+D)Xd± ( 3 - 8 )
d t
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The e n th a lp y  o f  t h e  l i q u i d  i n  th e  a c c u m u la to r  can  be 
c a l c u l a t e d  by s p e c i f y i n g  l i q u i d  t e m p e r a tu r e .  T h is  i s  
e q u i v a l e n t  to  h a v in g  an  e x c e s s  o f  s u r f a c e  a r e a  i n  th e  
c o n d e n se r  so t h a t  v a r i a t i o n  i n  v a p o r  f lo w  and te m p e r a tu r e  
do n o t  a f f e c t  l i q u i d  t e m p e r a tu r e  o u t  o f  t h e  c o n d e n s e r .
N o t ic e  t h a t  th e  column i s  eq u ip p ed  w i th  two l i q u i d  
l e v e l  c o n t r o l l e r s ,  one f o r  th e  a c c u m u la to r  and  th e  o t h e r  
f o r  th e  r e b o i l e r .  I t  i s  im p o r ta n t  t h a t  th e  column 
s im u la t io n  i n c l u d e s  t h e s e  c o n t r o l l e r s  o r  t h e i r  
e q u i v a l e n t  i n  o r d e r  to  have an a c c u r a t e  dynamic 
s im u la t io n  o f  an  i n d u s t r i a l  colum n.
C. D i s t i l l a t e  and R e f lu x  Flow R a te  E q u a t io n s
The d i s t i l l a t e  o r  r e f l u x  f lo w  r a t e  i s  s u b j e c t  to  
m a n ip u la t io n  by a  fe e d b a c k  a n d / o r  f e e d f o rw a rd  c o n t r o l l e r .  
When m a n ip u la t in g  r e f l u x  f lo w  r a t e ,  th e  d i s t i l l a t e  f lo w  
r a t e  i s  c o n t r o l l e d  by a  l i q u i d  l e v e l  c o n t r o l l e r .
U s in g  a  p r o p o r t i o n a l - i n t e g r a l  c o n t r o l l e r  f o r  th e  
l i q u i d  l e v e l  c o n t r o l  o f  th e  a c c u m u la to r  t h e  d i s t i l l a t e  
f lo w  r a t e  c a n  be  e x p re s s e d  a s
=  K t ,_d_*SL + h a~h°a) ( 3 -9 )
d t  a  d t  3a -
w here K& i s  a  c o n s t a n t  w hich i n c l u d e s  t h e  p r o p o r t i o n a l  
g a in  o f  t h e  c o n t r o l l e r  and  p r o c e s s  g a i n s ,  and i a  i s  
th e  r e s e t  t im e  f o r  t h e  l i q u i d  l e v e l  c o n t r o l l e r  o f  
a c c u m u la to r ;  h  and h° a r e  th e  c u r r e n t  and s te a d ya cL
s t a t e  l i q u i d  l e v e l s  r e s p e c t i v e l y  i n  th e  a c c u m u la to r .
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,D. R e t o i l e r :
O v e r a l l  M a t e r i a l  B a la n c e
dMr . =  l n -  Vr  -  W ( 3 -1 0 )
d t
Component M a t e r i a l  Ba l a n c e  
dM Xw.
- J P  = Vi,n ' Vi.r ' “"i <3'11>
O v e r a l l  E n th a lp y  B a la n c e  
dM H
- ^ T  = LnHn '  vr Gr ' + Q (3_12)a t
J3. B o ttom s P ro d u c t  Plow R a te  E q u a t io n
The b o tto m s  f lo w  r a t e  o r  th e  r e b o i l e r  h e a t  i s  
s u b j e c t  to  m a n ip u la t io n  o f  a  f e e d b a c k  a n d /o r  f e e d fo rw a rd  
c o n t r o l l e r .  I n  m ost c a s e s ,  r e b o i l e r  h e a t  i s  u s e d  to  
c o n t r o l  t h e  b o tto m  p r o d u c t  c o m p o s i t io n  and t h e  bo ttom  
flo w  r a t e  i s  c o n t r o l l e d  by  a  l i q u i d  l e v e l  c o n t r o l l e r  
on th e  r e b o i l e r .  U sing  p r o p o r t i o n a l - i n t e g r a l  
c o n t r o l l e r  f o r  t h e  l i q u i d  l e v e l  c o n t r o l  o f  th e  r e b o i l e r ,  
th e  b o tto m  f lo w  r a t e  can  b e  e x p re s s e d  a s
- f j U  K f dhr  + V h r ) ( 3 -1 3 )
a t  r  a t  i r
The n o t a t i o n  i s  t h e  same a s  f o r  a c c u m u la to r  
e x c e p t  t h a t  th e  s u b s c r i p t  " r "  s t a n d s  f o r  r e b o i l e r ,  
p . V a p o r - l i q u id  -E qu ilib r ium  R e l a t i o n s h i p
-  Ei , 3 k l , 3 x l , 3  ( 3 ‘ 14)
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w here E, . i s  th e  t r a y  e f f i c i e n c y .  I n  t h i s  s tu d yJ
E, . i s  assumed to  he  u n i t y .  I f  th e  t r a y  i s  n o t  i d e a l
f  J
th e  e f f i c i e n c y  i s  g iv e n  by
Ti , j  -  Ti . j - i  
E± j  =----------------------------------------- ( 3 -1 5 )
- V  ‘  Ti ,  J-1
and k .  . i s  th e  e q u i l ib r iu m  c o n s t a n t  f o r  component i  1 » J
on t r a y  j , a n d  i s  a  f u n c t i o n  o f  t e m p e r a tu r e ,  p r e s s u r e  
and c o m p o s i t io n .  For a  s p e c i f i c  p r e s s u r e ,  assume 
t h a t  k^  ^ can  be  a p p ro x im a ted  a s
k i , j  = a i , 1  + a i , 2 Tj  + a i , 3 Tj + a i , 4 Td C3“ 1 6 )
w here T. i s  th e  b u b b le  p o i n t  t e m p e r a tu r e  o f  th e  l i q u i d  
J
on t r a y  j .
&. E n th a lp y  E q u a t io n
The e n th a lp y  o f  a  m ix tu re  i s  a  f u n c t i o n  o f  
te m p e r a tu r e ,  p r e s s u r e  and c o m p o s i t io n  o f  th e  m ix tu r e .  
Assuming an  i d e a l  s o l u t i o n  th e  m o la l  e n t h a l p i e s  o f  th e  
v a p o r  and l i q u i d  on t r a y  j  can  be e x p re s s e d  a s
H .(P ,T )  X, A P .T )  ( 3 -1 7 )
j i=1 f ** 9 “
& ,(P ,T )  Y, i (P , T) ( 3 -1 8 )
For a  s p e c i f i c  p r e s s u r e  i t  i s  assum ed t h a t  
v a p o r  and  l i q u i d  m o la l  e n t h a l p i e s  o f  a  p u re  component
can  "be a p p ro x im a te d  as
Hi , j  = b i , 1  + ^ 1 , 2 ^  'h ^ i f 3Tj  ( 3 -1 9 )
= c i , 1  + c i , 2 Tj  + c i , 3 Tj  ( 3 -2 0 )
H. l i q u i d  Plow Dynamics
U sin g  th e  F r a n c i s  w e i r  fo rm u la  t h e  l i q u i d  f low  
r a t e  from t r a y  j  down to  th e  n e x t  i s
1 , 3/2
Lj ( 3 - 2 1 )
whereoi a n d (3 a r e  c o n s t a n t s  t h a t  depend on th e  l e n g t h  
o f  th e  p e r i m e t e r  o f  downcomer and  th e  l i q u i d  m o la l  
d e n s i t y ,  and 1^ i s  th e  l i q u i d  head  o v e r  th e  w e i r  
w h ich  i s  d i r e c t l y  p r o p o r t i o n a l  to  th e  l i q u i d  h o ld u p  
on t r a y  j .
I . B ubble  P o i n t  T em p e ra tu re  E q u a t io n
The b u b b le  p o i n t  te m p e r a tu r e  o f  t h e  l i q u i d  on 
t r a y  j  i s  d e te rm in e d  from th e  f o l lo w in g  e q u a t io n s :
=  1 ( 3 - 2 Z )
-  f <T;S - V  <5' 2 5 >
The i n i t i a l  s e t  o f  b u b b le  p o i n t  t e m p e r a tu r e s  a t
s t e a d y  s t a t e  c o n d i t i o n s  i s  c a l c u l a t e d  by th e  m ethod
o f  i n t e r p o l a t i o n  ( r e g u l a  f a l s i  ) .  T h is  i s  i n i t i a t e d  
by  th e  s e l e c t i o n  o f  two a r b i t r a r y  v a l u e s  o f  t e m p e r a tu r  
T11 and T*1"* ,^ w hich  a r e  w i th in  t h e  r a n g e  o f  t h e  k - d a t a
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The n e x t  h e a t  v a lu e  o f  t e m p e r a tu r e  i s  c a l c u l a t e d  by
Tnf ( T n+1) -  T^ f  ( T )
  zrn -------------«-----------  ( 3 - 2 4 )
f ( T ) -  f C ^ )
The n e x t  c a l c u l a t i o n  i s  b a s e d  on Tn+1 and Tn+2 . These 
c a l c u l a t i o n s  a r e  c o n t in u e d  u n t i l  th e y  co n v e rg e  to  a  
c e r t a i n  s p e c i f i e d  t o l e r a n c e .
Once th e  b u b b le  p o i n t  t e m p e r a tu r e s  a r e  o b ta in e d ,  
s u b s e q u e n t  t e m p e r a tu r e s  f o l lo w in g  th e  d i s t u r b a n c e s  
e n t e r i n g  th e  column w ere  d e te rm in e d  by  th e  f o l lo w in g  
s e t  o f  d i f f e r e n t i a l  e q u a t io n s  ( one f o r  each  t r a y  ) 
v/hich was d e r iv e d  in d e p e n d e n t ly  by S nyder (6 8 )  and 
T ram on tin  ( 7 2 ) .  The d e t a i l e d  d e r i v a t i o n s  a r e  g iv e n  in
A ppendix  A.
c dX1\  V J- 9 J
( 3 . 2 5 )
d t  y dk i.O£ x i t  J
1 1 dT.
J
J .  C a l c u l a t i o n  o f  Vapor Flow R a te
I n s t e a d  o f  u s i n g  S nyder*s  i m p l i c i t  m ethod ( 6 8 ) ,  
t r a n s i e n t  v a p o r  f lo w  r a t e s  a r e  s o lv e d  e x p l i c i t l y  
by d i r e c t  t r a y - t o - t r a y  c a l c u l a t i o n a l  p r o c e d u r e s  
s t a r t i n g  from th e  r e b o i l e r  and  p r o c e e d in g  to  t h e  to p  
o f  th e  colum n. The d e t a i l e d  d e r i v a t i o n s  a r e  g iv e n  in
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Appendix B.
Vapor Flow R a te  from R e b o i l e r
Tr  = j Ln ' Hn - Hr> + « ‘ ^  n - » i >
Xw
i= 1 i= 1dT.
T ~  Xw
i=1 dT.
c
i , r
dHi , r - e
i = 1
Xw^
dT
dk i . r
dT
( 3 -2 6 )
Vapor Flow R a te s  f o r  T rays One to  N
- { l i - i <h j - i - V + W ' j + i ’ t y  + u i < 1
c _  r
+ u ^ P ( r , f -Hd ) - g [ H l ^ i d_ 1( x i i ; ) _ 1 -  X 
+ vj+1(Yi,J+1-xi , j ) + V 1-*>p(xfi - xi
Q  —  0
Z I  i dHj .  J 2 ZT ^I d T . i=1
X dk.i r 3 1» J
(
dTj
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C a l c u l a t i o n a l  P ro c e d u re
The s t e a d y  s t a t e  c o n d i t i o n s  o f  th e  m u lt ic o m p o n e n t 
d i s t i l l a t i o n  column a r e  o b ta in e d  from a  s e p a r a t e  s t e a d y  
s t a t e  program  u s in g  th e  T h ie l e  and Geddes c a l c u l a t i o n a l  
p r o c e d u r e s  and H o l l a n d 's  0" m ethod o f  c o n v e rg e n c e  ( 2 3 ) .  
The u n s te a d y  s t a t e  program  u t i l i z i n g  th e  dynamic 
m a th e m a t ic a l  model d e v e lo p e d  p r e v i o u s l y  was checked  
w i th  th e  s te a d y  s t a t e  program  i n  two ways:
(1 )  S t a r t i n g  from an a r b i t r a r i l y  s e l e c t e d  i n i t i a l  
c o n d i t i o n  th e  u n s te a d y  s t a t e  p rogram  was a l lo w e d  to  
r u n  f o r  a  n e c e s s a r y  p e r io d  o f  t im e  u n t i l  a  s t e a d y  s t a t e  
c o n d i t i o n  was r e a c h e d .
(2 )  S t a r t i n g  from  one s t e a d y  s t a t e  c o n d i t i o n  th e  
column was u p s e t  b y  i n t r o d u c i n g  s t e p  d i s t u r b a n c e s  i n  
f e e d .  The program  was a l lo w e d  to  ru n  f o r  a  n e c e s s a r y  
p e r io d  o f  tim e u n t i l  a  new s t e a d y  s t a t e  c o n d i t i o n  was 
r e a c h e d .
A ll  s o l u t i o n s  were com pared w ith  th o s e  o b ta in e d  
from th e  s te a d y  s t a t e  p rogram . E x c e l l e n t  ag reem en t 
was found  i n  b o th  c a s e s .
The c a l c u l a t i o n a l  p ro c e d u r e  i s  a s  f o l l o w s :
(1 )  Read a l l  i n i t i a l  c o n d i t i o n s
(2 )  C a l c u l a t e  c o r r e s p o n d in g  b u b b le  p o i n t  
t e m p e r a tu r e  f o r  each  t r a y  u s i n g  th e  i n t e r p o l a t i o n  
m ethod .
(3 )  C a l c u l a t e  th e  i n i t i a l  l i q u i d  and v a p o r  f low  
r a t e s .
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( 4 )  I n t e g r a t e  th e  s im u l ta n e o u s  d i f f e r e n t i a l  
e q u a t io n s  to  o b t a i n  t h e  new s t a t e s  f o r  t h e  n e x t  t im e 
s t e p .
( 3 )  C a lc u l a t e  l i q u i d  and v a p o r  f low  r a te B
( 6 )  R epea t p r o c e d u r e s  from  (4 )  to  ( 5 )  u n t i l  th e  
t e r m i n a t i o n  c o n d i t i o n  i s  s a t i s f i e d .
N um erica l  I n t e g r a t i o n  Method and  Time S te p  S iz e
R ose , e t  a l .  ( 6 1 ,6 2 )  and R osenbrock  (6 3 )  u se d  
E u l e r ' s  p r e d i c t o r  m ethod to  s o l v e  th e  u n s te a d y  s t a t e  
b e h a v io r  o f  d i s t i l l a t i o n  colum ns and r e p o r t e d  t h i s  
method i s  p a r t i c u l a r l y  a d v a n ta g e o u s  f o r  m u lt ico m p o n en t 
sy s te m s  u t i l i z i n g  n o n id e a l  e q u i l i b r iu m  r e l a t i o n s h i p s .
I n  l a t e r  work, d i f f e r e n t  i n t e g r a t i o n  m ethods such  a s  
th e  i m p l i c i t  method (2 2 ,6 0 )  , t h e  R u n g e -K u tta  method 
( 5 5 ,6 8 ) ,  and p r e d i c t o r - c o r r e c t o r  m ethods ( 1 8 ,2 6 )  h ave  
b ee n  u s e d .  H o lla n d  (2 2 )  d i s c u s s e d  th e  n u m e r ic a l  
m ethods f o r  u n s te a d y  s t a t e  d i s t i l l a t i o n  column 
c a l c u l a t i o n s  in  g r e a t  d e t a i l .
R e c e n t ly  F ra n k s  (19) p o i n t e d  o u t  t h a t  c o n t r a r y  
to  a  sm a l l  system  w here a  l a r g e  s t e p  s i z e  and  h ig h e r  
o r d e r  o f  i n t e g r a t i o n  method r e s u l t s  i n  a  more e f f i c i e n t  
s o l u t i o n ,  th e  c r i t i c a l  s t e p  s i z e s  f o r  s t a b i l i t y  a r e  o f  
th e  same o r d e r  o f  m agn itude  f o r  a l l  i n t e g r a t i o n  m ethods 
when a  l a r g e  system  ( 50-500 d i f f e r e n t i a l  e q u a t io n s )
i s  i n v o lv e d .  The f o u r th  o r d e r  R u n g e -K u tta  c r i t i c a l  
s t e p  s i z e  was r e p o r t e d  to  h e  o n ly  a b o u t  f i f t y  p e r  c e n t  
g r e a t e r  th a n  f o r  t h e  s im p le  E u le r  m ethod. U sing  th e  
E u le r 's  method n e a r  th e  c r i t i c a l  s t e p  s i z e  p ro v id e d  a 
s t a b l e  and r e a s o n a b ly  a c c u r a t e  s o l u t i o n .
F o r  a  te n  t r a y  column s e p a r a t i n g  f i v e  com ponen ts , 
t h e r e  a r e  o v e r  f i f t y  d i f f e r e n t i a l  e q u a t i o n s .  S in c e  
t h e r e  i s  a  l a r g e  r a n g e  o f  t im e  c o n s t a n t s  in v o lv e d  in  
t h e s e  e q u a t io n s ,  a s  d e s c r ib e d  by F ra n k s  ( 1 9 ) ,  t h e  
e q u a t io n s  a r e  " s t i f f " .  A f t e r  com paring  th e  c r i t i c a l  
s t e p  s i z e  and t h e  r e s u l t s  from  em ploy ing  a  f o u r t h  
o r d e r  R u n g e -K u tta  method and a  s im p le  E u l e r ' s  m ethod 
i t  was found  t h a t  F r a n k 's  s t a t e m e n t  was c o r r e c t .
Thus t h e  s im p le  E u l e r ' s  method w i th  d o u b le  p r e c i s i o n  
was a d o p te d  f o r  i n t e g r a t i o n  th ro u g h o u t  t h i s  s tu d y .
D epending upon  th e  m a g n itu d e  o f  t h e  d i s t u r b a n c e ,  
th e  c r i t i c a l  s t e p  s i z e  i s  a ro u n d  0.001 h o u r s  f o r  t h e  
f o u r t h  o r d e r  R u n g e -K u tta  m ethod and i s  a p p r o x im a te ly
0 .0007  h o u r s  f o r  th e  s im p le  E u l e r ' s  m ethod . The 
a c c u ra c y  o f  th e  s o l u t i o n  n e a r  t h e  c r i t i c a l  s t e p  s i z e  
was checked  by com paring  th e  t r a n s i e n t  r e s p o n s e  to  
t h a t  o b ta in e d  w i th  a  s m a l l e r  s t e p  s i z e .  Moczek, O tto  
and W ill ia m s  (4 8 )  compared t h e  t im e  c o n s t a n t s  i n  t h e  
t r a n s i e n t  r e s p o n s e  w i th  a  v a r i a t i o n  o f  t im e  s t e p  s i z e  
and found  th e  tim e c o n s t a n t  c e a s e s  to  change a t  a
c e r t a i n  p o i n t  a s  th e  s t e p  s i z e  k e e p s  d e c r e a s i n g .  I t  
was found i n  t h i s  s tu d y  t h a t  a  r e d u c t i o n  o f  t im e  s t e p  
s i z e  from 0 .0 00 5  h o u r s  to  0.0001 h o u r s  p roduced  o n ly  
a b o u t  a two p e r  c e n t  o r  l e s s  v a r i a t i o n  i n  th e  tim e 
c o n s t a n t s .  I t  was th u s  d e c id e d  t h a t  u s in g  a  s t e p  s i z e  
o f  0 .0005  h o u r s  was s t a i s f a c t o r y  f o r  th e  c o n t r o l  s tu d y
Snyder (6 8 )  r e p o r t e d  t h a t  i n  u s i n g  a  f o u r t h  o r d e r
R u n g e -K u tta  m ethod th e  m agn itude  o f  t h e  c r i t i c a l  tim e
- 2s t e p  s i z e  was e q u a l  to  a  c o n s t a n t  o f  t h e  o r d e r  o f  10 
t im e s  a  "pseudo" tim e  c o n s t a n t  fox* t h e  s e p a r a t i o n  u n i t
i . e . ,  th e  v a l u e  o f  th e  t o t a l  h o ld u p  d iv id e d  by a 
r e p r e s e n t a t i v e  f lo w  r a t e .  T his  h a s  b e e n  checked  and 
fo u n d  to  be  t r u e  f o r  th e  same i n t e g r a t i o n  method 
(R u n g e -K u tta  m e th o d ).
The tim e r e q u i r e d  p e r  each  t im e  in c re m e n t  f o r  a  
t e n - t r a y ,  f iv e -c o m p o n e n t  system  was a b o u t  0 . 0 6  seco n d s  
f o r  s im p le  E u l e r ' s  m ethod . For one h o u r  r e a l  tim e 
s i m u l a t i o n  a b o u t  two m in u te s  o f  com pu ting  t im e  on an 
IBM 360/65 d i g i t a l  com puter  was r e q u i r e d .  T h is  i s  
c o n s id e r e d  to  b e  e x t re m e ly  f a s t  com pared to  S n y d e r 's  
3- 9  seconds (R u n g e -K u tta  m ethod) p e r  tim e  in c re m e n t  
on an  IBM 7090 com puter  and H o l l a n d 's  11 .4  se c o n d s  
( i m p l i c i t  m ethod) on an  IBM 709 com pu ter  f o r  a  s e v e n -  
t r a y ,  th re e -c o m p o n e n t  sy s te m . The s a v in g  i n  com puting  
t im e  was c o n s id e r e d  to  be  c o n t r i b u t e d  m o s t ly  by th e
d i r e c t  t r a y - t o - t r a y  c a l c u l a t i o n s  o f  v ap o r  f lo w  r a t e s  
and p a r i t a l l y  by u s i n g  th e  s im p le  K u le r*s  m ethod f o r  
i n t e g r a t i o n .  For a  colum n w i th  a  l a r g e r  number o f  
t r a y s ,  th e  com puting  t im e  r e q u i r e d  was found  to  be 
a p p ro x im a te ly  p r o p o r t i o n a l  to  th e  number o f  t r a y s .
CHAPTER IV GENERAL ASPECTS OP THE SYSTEM
The s tu d y  o f  p ro c e s s  dynam ics  and c o n t r o l  o f  
m u lt ic o m p o n e n t d i s t i l l a t i o n  co lum ns "based on non­
l i n e a r  m odels  h a s  "been r e c o g n iz e d  aB a  t im e-co n su m in g  
t a s k .  S i m p l i f i e d  m odels d e r i v e d  from l i n e a r i z a t i o n  
o f  th e  n o n - l i n e a r  m ode ls , o r  s i m p l i f i e d  colum ns w i th  
s e v e r a l  t r a y s  and a  sm a ll  d i a m e te r  a r e  o f t e n  u se d  to  
r e d u c e  th e  trem en d o u s  com puting  e f f o r t .
S in c e  th e  p h y s i c a l  d im e n s io n s  o f  t h e  column such  
a s  column d ia m e te r  and th e  number o f  t r a y s  have  
c o n s i d e r a b l e  i n f l u e n c e  on th e  c h a r a c t e r i s t i c s  o f  th e  
column r e s p o n s e ,  a  c o n t r o l  s tu d y  b a s e d  on a  r a t h e r  
sm a l l  column w i th  l i m i t e d  few t r a y s  m ig h t  t u r n  o u t  
to  be  i m m a te r i a l .  An a t te m p t  t o  make th e  s im u la te d  
columns c l o s e r  to  r e a l i t y  was made in  t h i s  s tu d y .
A t e n - t r a y  column and  a t h i r t y - t r a y  colum n, b o th  f i v e  
f e e t  i n  d i a m e te r ,  w ere s im u la te d  on a  d i g i t a l  com puter 
f o r  s lo p p y  s e p a r a t i o n  and s h a rp  s e p a r a t i o n ,  r e s p e c t i v e l y .  
The d e t a i l e d  p h y s i c a l  d im e n s io n s  o f  th e  columns a r e  
shown i n  T ab le  4-1 and F ig u re  4-1 . F ive  h y d ro c a r b o n s ,  
nam ely  p ro p a n e ,  n - b u ta n e ,  i s o - b u t a n e ,  n - p e n ta n e ,  and 
i s o - p e n t a n e ,  w ere  chosen  f o r  t h e i r  p o p u l a r i t y  i n  th e  
p e t ro le u m  r e f i n i n g  i n d u s t r y .  The p h y s i c a l  p r o p e r t i e s  
o f  each  com ponent a r e  shown i n  T a b le  4 - 2 .
Table  4 -1  P h y s i c a l  D im en s io n s  o f  D i s t i l l a t i o n  Column
Number o f  t r a y s  : 10 t r a y s  f o r  s lo p p y  s e p a r a t i o n
50 t r a y s  f o r  sh a rp  s e p a r a t i o n  
Peed t r a y  : 5 th  t r a y  f o r  10 t r a y  column 
17 th  t r a y  f o r  30 t r a y  column 
Column d ia m e te r  s 5 f t  
L eng th  o f  o v e r f lo w  w e ir  : 3 .7 5  f t  
H e ig h t  o f  o v e r f lo w  w e ir  : 0 .2 5  f t  
P l a t e  f l o o r  a r e a  : 15.2 f t 2
2C r o s s - s e c t i o n a l  a r e a  o f  downcomer : 2 .2  f t  
Holdup o f  th e  r e f l u x  drum : 100 f t ^
Holdup o f  th e  r e b o i l e r  : 200 f t ^
_ L
0.25 f t
T
TRAY i-1
TRAY |
F ig u re  4-1 Tray s i z i n g  o f  th e  d i s t i l l a t i o n  
column
T a b le  4 - 2  P h y s i c a l  P r o p e r t i e s ( 5 0  )
Component
p ro p a n e  
i s o - b u t a n e  
n - b u t a n e  
i s o - p e n t a n e  
p e n t a n e
S p e c i f i c  M o le c u la r  
G r a v i t y  W eig h t 
60 oF/f i0°F ___________
B o i l i n g  
P o i n t , ° P
- 4 3 . 6 7  
1 0 . 9 0  
3 1 . 1 0
a ? .  1?
9 6 .9 ?
. 5 0 7 7  
.5631  
. 5 4aa  
.6 3 1 0  
. 62  47
4 4 . 0 9  
5 B . 1 2  
5 8 . 1 2
7 2 . 1 5
7 2 . 1 5
h emark
l i g h t  k ey  
h e a v y  key
Key Components
S in ce  a  s i n g l e  d i s t i l l a t i o n  column w i l l  e n a b le  
s e p a r a t i o n  be tw een  o n ly  two com ponents, t h e  com ponents 
s e p a r a t e d  u s u a l l y  a r e  d e s i g n a t e d  a s  th e  l i g h t  key  and 
l i g h t e r  th a n  l i g h t  k ey  com ponents and  th e  h eavy  key 
and h e a v i e r  th a n  heavy  key com ponents  d ep e n d in g  on 
t h e i r  b o i l i n g  p o i n t s .
N -b u tan e  and i s o - p e n t a n e  a r e  d e s ig n e d  a s  l i g h t  and 
heavy  key  com ponents r e s p e c t i v e l y  i n  t h i s  s tu d y ,
V a p o r -L iq u id  E q u i l ib r iu m  C o n s ta n t
The v a p o r - l i q u i d  e q u i l i b r iu m  c o n s t a n t s  o f  th o s e  
com ponents a p p e a r in g  i n  t h i s  s tu d y  were t a k e n  from  
R e fe re n c e  23 • The K v a lu e  o f  each  component i s  
e x p re s s e d  by  a p o ly n o m ia l  a s  a  f u n c t i o n  o f  t e m p e r a tu r e  
f o r  a  g iv e n  p r e s s u r e .
The K v a lu e  o f  i s o - p e n t a n e  i s  c a l c u l a t e d  d i r e c t l y  
from th e  f o l lo w in g  e q u a t io n :
T T
Ki-C  = 0 .37088  -  0 .5 5 7 B 6 ( ^ qq) + 0 .44841 (j q q ) 2
5
T
-  0 .0 3 7 0 4 (^ q q ) 5 ( 4 -1 )
F or com ponents o t h e r  th a n  i s o - p e n t a n e ,  th e  v a lu e s  
o f  a r e  c a l c u l a t e d  f i r s t  a c c o r d in g  to  t h e  e q u a t io n s  
g iv e n  i n  T ab le  4 -3  and  th e n  th e  K -v a lu e s  a r e  c a l c u l a t e d  
b a s e d  on K. „ by th e  f o l lo w in g  r e l a t i o n s h i p :
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T a b le  4 -3  V a p o r -L iq u id  JE quilib rium  D ata
P r e s s u r e  = 1 2 0  p s i a
Component
C3H8
i-C ,
n-C,
i-Cr
n-C,
a 1
11 .06095
4 .69290
3 .07033
1 . 0
0 .7 3 8 2 7
~ * 1 i  + a 2 i / l o o )  + a 3 i^
-5 .2 0 0 6 7
-1 .8 2 4 3 1
-0 .8 3 5 6 5
0 .
0 .0 5 2 4 6
0 .92489
0 .31755
0 .1 2 1 4 4
0.
0 .00189
T \ 2 
l i v 100-' (T i n ° p )
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E n th a lp y  D ata
The v ap o r  and l i q u i d  m o la l  e n t h a l p i e s  a t  120 p s i a ,  
e x p re s s e d  a s  p o ly n o m ia ls  o f  t e m p e r a tu r e  (2 3 )  f o r  a  
s p e c i f i c  p r e s s u r e ,  a r e  g iv e n  b y  th e  f o l lo w in g  e q u a t i o n s :  
L iq u id  m o la l  e n th a lp y :
The c o e f f i c i e n t s ,  b ' s  and  c ' s  c o r r e s p o n d in g  to  
each  com ponent a r e  g iv e n  i n  T ab le  4-4*
l i q u i d  l e v e l  C o n t r o l l e r s
P r o p o r t i o n a l - i n t e g r a l  l i q u i d  l e v e l  c o n t r o l l e r s  
a r e  u s e d  to  c o n t r o l  th e  a c c u m u la to r  and  r e b o i l e r  
l i q u i d  l e v e l .
Prom t h e  s t a n d p o i n t  o f  column dynam ics and 
c o n t r o l ,  i t  i s  d e s i r a b l e  to  tu n e  th e  l i q u i d  l e v e l  
c o n t r o l l e r  a s  t i g h t l y  a s  p o s s i b l e .  However i f  t h e  
p ro d u c t  s t r e a m s  a r e  f e d  to  s u c c e e d in g  colum ns a  t i g h t  
c o n t r o l  would r e s u l t  i n  t h e  p r o p a g a t io n  o f  an  o s c i l l a t i o n  
to  th e  s u c c e e d in g  colum n. A ls o ,  i t  w i l l  c a u se  r a p i d  
ch a n g es  i n  h e a t i n g  a r e a  i n  t h e  r e b o i l e r .  T h e re fo re  
th e  c o n t r o l l e r s  sh o u ld  be  s e t  to  g iv e  a  r e l a t i v e l y
T T
(T i n  °P)
( 4 - 3 )
Vapor m o la l  e n th a lp y :
( 4 - 4 )
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T ab le  4 - 4  E n th a lp y  D ata
P r e s s u r e  = 120 p s i a  
Com ponent b^ bg b^
C5H8 0. 2 521 .92 175 .417 7488 65 1750.51 7 9 .2 7 5
i - c 4 0 . 2 345 -0 0 1 50 .000 9592.01 1843.56 2 2 1 .4 3 3
n -C 4 0 . 2 9 6 0 .0 0 4 0 0 .0 0 0 8 0 0 2 .8 9 4 3 8 2 .7 0 - 4 0 1 .5 8 7
i-C g 0 . 3 6 8 1 .3 3 2 8 3 .3 3 4 11645.77 2 7 7 0 .5 5 156 .345
n -C 5 0 . 3 8 4 5 .0 0 2 5 0 .0 0 0 12004J38 3 1 68 .66 6 7 .4 5 6
slow  r e s p o n s e  and a  c o r r e s p o n d in g  w ide v a r i a t i o n  i n  
t h e i r  own l e v e l s .  The c o n t r o l l e r  s e t t i n g s  w ere  
s e l e c t e d  a s  f o l lo w s :
A ccum ula to r  l i q u i d  l e v e l  c o n t r o l l e r  
Gain = 100 m o l e s / f t * / h r .
R e s e t  t im e  = 0 . 5  h r .
R e h o i l e r  l i q u i d  l e v e l  c o n t r o l l e r  
Gain = 1 5 0  m o l e s / f t . / h r .
R e s e t  t im e  = 0 . 5  h r .
CHAPTER V CONTROL OF ONE PRODUCT
The p u rp o s e  o f  a  d i s t i l l a t i o n  column i s  to  s e p a r a t e  
a  f e e d  s trea m  ( o r  f e e d  s t r e a m s )  o f  a  c e r t a i n  s p e c i f i e d  
r a t e  and c o m p o s i t io n  to  a  d e s i r e d  d e g re e  o f  p u r i t y  o f  
to p  and "bottom p r o d u c t s .  Due to  d i s t u r b a n c e s  e n t e r i n g  
t h e  column, su c h  a s  f e e d  r a t e  and  f e e d  c o m p o s i t io n  
c h a n g e s ,  t h e  p r o d u c t  q u a l i t i e s  a r e  s u b j e c t  to  d e v i a t i o n  
from t h e i r  d e s i r e d  v a l u e s .  U s u a l ly ,  t h e  c o n t r o l  
o b j e c t i v e  i s  to  m a in ta in  th e  p r o d u c t  c o m p o s i t io n s  a t  
t h e i r  s p e c i f i c a t i o n s  w i th  maximum p r o f i t .
The d e s ig n  o f  th e  c o n t r o l  sy s tem  f o r  d i s t i l l a t i o n  
colum ns depends  on th e  s e v e r i t y  o f  th e  d i s t u r b a n c e s  to  
b e  e x p e c te d  and  th e  d e g re e  o f  p u r i t y  r e q u i r e d  i n  
p r o d u c t  c o m p o s i t io n .  I t  i s  n e c e s s a r y  to  i d e n t i f y  a l l  
p o s s i b l e  d i s t u r b a n c e s  an d  th e  p ro b a b le  m a g n itu d e  o f  th e  
d i s t u r b a n c e s  w hich  may a f f e c t  t h e  p r o d u c t  q u a l i t y  i n  
o r d e r  to  d e s ig n  an o p t im a l  c o n t r o l  sy s te m . The m ost 
common d i s t u r b a n c e s  to  d i s t i l l a t i o n  colum ns a r e  a s  
f o l lo w s :
(1 )  Feed r a t e
(2 )  Feed c o m p o s i t io n
(3 )  Feed q u a l i t y
( 4 )  Feed e n th a lp y
(5 )  Ambient c o n d i t i o n s
i n  g e n e r a l ,  f e e d  r a t e  and  f e e d  c o m p o s i t io n  changes
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a r e  t h e  m a jo r  d i s t u r b a n c e s  b e c a u s e  th e  f e e d  i s  u s u a l l y  
coming from th e  p r o d u c t  s t r e a m s  o f  p r e v io u s  p r o c e s s  
u n i t s  su c h  a s  r e a c t o r s ,  s e p a r a t i o n  u n i t s ,  e t c .
The m a n ip u la te d  v a r i a b l e s  w hich  can  be  ch o sen  to  
c o n t r o l  th e  p r o d u c t  c o m p o s i t io n  o f  d i s t i l l a t i o n  colum ns 
a r e
(1 )  R e f lu x  r a t e
(2 )  D i s t i l l a t e  r a t e
(3 )  R e b o i l e r  h e a t
(4 )  Bottom p r o d u c t  r a t e
(5 )  S id e  draw  r a t e  ( I n  c a s e ,  t h e r e  e x i s t s  s i d e  
draws )
The number o f  in d e p e n d e n t  m a n ip u la te d  v a r i a b l e s  
w hich c a n  b e  ch o sen  sh o u ld  b e  e q u a l  to  th e  d e g r e e s  o f  
freedom  o f  th e  sy s te m . The p rob lem  o f  d e t e r m in in g  how 
many v a r i a b l e s  m ust b e  s p e c i f i e d  to  e n s u re  a  u n iq u e  
s e p a r a t i o n  a t  s t e a d y  s t a t e  h a s  b e e n  t r e a t e d  by  s e v e r a l  
a u t h o r s  (2 5 ,5 9 ,6 7 )*  M u r r i l l  (4 9 )  a p p l i e d  th e  c o n c e p t  
o f  d e g r e e s  o f  freedom  to  s e l e c t  th e  number and ty p e s  
o f  in d e p e n d e n t  c o n t r o l l e r s  f o r  d i s t i l l a t i o n  co lum ns. 
Howard t2 5 )  a n a ly z e d  th e  d e g r e e s  o f  freedom  f o r  
u n s te a d y  s t a t e  d i s t i l l a t i o n  p r o c e s s e s  and  p o in t e d  o u t  
t h a t  a d d i t i o n a l  d e g re e s  o f  freedom  w hich  a r e  e q u a l  to  
th e  number o f  h o ld u p s  sh o u ld  b e  c o n s id e r e d .
The s e l e c t i o n  o f  t h e  r i g h t  m a n ip u la te d  v a r i a b l e
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( o r  m a n ip u la te d  v a r i a b l e s )  i s  v e ry  im p o r ta n t  and w i l l  
a f f e c t  th e  c o n t r o l  p e r fo rm a n c e  c o n s i d e r a b l y .
I t  may be o f  I n t e r e s t  to  i n v e s t i g a t e  th e  
e f f e c t i v e n e s s  o f  each  m a n ip u la te d  v a r i a b l e  ( o r  each  
c o m b in a t io n  o f  th e  m a n ip u la te d  v a r i a b l e s )  a s s o c i a t e d  
w i th  ea ch  c o n t r o l  scheme u n d e r  c e r t a i n  c u rc u m s ta n e e s .  
However, r e f l u x  r a t e  and r e b o i l e r  h e a t  w ere  chosen  
f o r  c o n t r o l  o f  to p  and b o t to m  p r o d u c t s  r e s p e c t i v e l y ,  
b e c a u s e  th e s e  two c o n t r o l  v a r i a b l e s  a r e  r e q u i r e d  i n  
th e  dev e lo p m en t o f  th e  f e e d fo rw a rd  c o n t r o l  schemes 
i n  t h i s  s tu d y .
The c o n t r o l  v a r i a b l e s  i n  a  m u lt ico m p o n en t 
d i s t i l l a t i o n  p r o c e s s  a r e  :
(1 )  Mole f r a c t i o n  o f  heavy  k e y  component i n  
o v e rh ead  p r o d u c t .
(2 )  Mole f r a c t i o n  o f  l i g h t  k e y  component i n  b o tto m  
p r o d u c t .
O )  P u r i t y  o f  some p r o d u c t  i n  a  s i d e  draw .
H ere  n - b u ta n e  and  i s o - p e n t a n e  a r e  d e s ig n a te d  a s  
th e  l i g h t  and heavy  k ey  com ponents  r e s p e c t i v e l y  and 
a r e  t h e  c o n t r o l  v a r i a b l e s .
I d e a l l y ,  t h e  m a n ip u la te d  v a r i a b l e s  sh o u ld  b e  a b l e  
to  o p e r a t e  th e  column a t  t h e  c o n t r o l l e r  s e t  p o i n t s .
I n  p r a c t i c e ,  th e y  a r e  u s u a l l y  r e s t r i c t e d  by  th e  
c a p a c i t y  o f  th e  column w hich  i s  s p e c i f i e d  i n  th e  p r o c e s s
d e s i g n  s t a g e .  The d i s t i l l a t i o n  co lum n c o n t r o l  m u st 
p r e v e n t  t h e  o c c u r r a n c e  o f  f l o o d i n g ,  o t h e r w i s e  t h e  
s e p a r a t i n g  e f f i c i e n c y  w i l l  h e  s e v e r e l y  d e c r e a s e d .
S in c e  t h e  g e n e r a l  d e s i g n  f o r  t h e  t r a y  co lu m n s i s  to  
o p e r a t e  t h e  co lu m n s a t  a p p r o x i m a t e l y  7 0 -8 0 #  o f  t h e i r  
f l o o d i n g  c o n d i t i o n s ,  t h e  m a n i p u l a t e d  v a r i a b l e s  f o r  
c o n t r o l  p u r p o s e  a r e  d e s i g n e d  w i th  a n  u p p e r  l i m i t  o f  
30% a b o v e  t h e i r  s t e a d y  s t a t e  v a l u e s  i n  t h i s  s t u d y .
F o r  c o n t r o l  o f  b o t h  p r o d u c t s  t h e  f e e d f o r w a r d  c o n t r o l  
schem e d e v e lo p e d  i n  t h i s  s t u d y  r e q u i r e s  a  r e f l u x  r a t e  
o f  40% o f  n o rm a l  f o r  a  v e r y  s h o r t  p e r i o d  o f  t im e .
T h is  w i l l  b e  d i s c u s s e d  i n  C h a p te r  V I.
The c o n t r o l  o f  e i t h e r  one  o f  t h e  end p r p d u c t s  
o c c u r s  when one end  p r o d u c t  i s  much m ore v a l u a b l e  t h a n  
t h e  o t h e r .  F o r  t h e  c a s e  o f  c o n t r o l l i n g  t o p  p r o d u c t ,  
i t  i s  d e s i r a b l e  t o  m a i n t a i n  t h i s  c o m p o s i t i o n  a t  
s p e c i f i c a t i o n  w i t h  a  maximum th r o u g h p u t  o f  t h e  d i s t i l l a t e ,  
t h a t  i s  t o  o p e r a t e  t h e  b o i l - u p  r a t e  a t  i t s  a l l o w a b l e  
u p p e r  l i m i t .
T e rm in a l  F o r c i n g  C o n t r o l
Two f e e d f o r w a r d  c o n t r o l  schem es w ere  d e v e lo p e d  
f o r  c o n t r o l  o f  t o p  a n d  b o t to m  p r o d u c t  c o m p o s i t i o n s  
b a s e d  on  t e r m i n a l  a n a l y s i s  o f  p r o c e s s  d y n a m ic s .  They 
w i l l  b e  r e f e r r e d  a s  " t e r m i n a l  f o r c i n g  c o n t r o l "  a s  
d i f f e r e n t i a t e d  from  c o n v e n t i o n a l  f e e d f o r w a r d  c o n t r o l  
s c h e m e s .  The d e t a i l e d  d e r i v a t i o n  o f  t h e  c o n t r o l
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a l g o r i t h m s  i s  g iv e n  i n  A ppendix  C. The sc h e m a t ic  
d iag ram  o f  c o n t r o l  sy s te m s  a re  shown i n  F ig u re  5-1 
and 5-2 .
For c o n t r o l  o f  t h e  to p  p r o d u c t  heavy  key  com ponent 
two e q u a t io n s  w ere d e r iv e d  w hich  m ust h e  s o lv e d  f o r  
r e f l u x  r a t e  and  th e  c o r r e s p o n d in g  b u b b le  p o i n t  
te m p e r a tu r e  o f  th e  l i q u i d  on f i r s t  t r a y .  They a r e
T h e o r e t i c a l l y ,  p e r f e c t  c o n t r o l  c o u ld  b e  o b ta in e d  
b e c a u s e  E q u a t io n  ( 5 - 1 ) p r e d i c t s  a n  e x a c t  v a lu e  f o r  
r e f l u x  r a t e  w hich  i s  r e q u i r e d  to  k ee p  t h e  v ap o r  
c o m p o s i t io n ,  Y^  ^ , u n ch an g ed .
I n  o r d e r  to  p e r fo rm  th e  c a l c u l a t i o n  a c c o r d in g  to  
E q u a t io n  ( 5 - 1 )  th e  f o l lo w in g  p h y s i c a l  v a r i a b l e s  h av e  
to  be  m easu red .
(1 J  Vapor f lo w  r a t e s  from t r a y  2 and  t r a y  1 (Vg,
(
(5-1a)
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F ig u re  5-1 S chem atic  d iag ram  o f  t h e  t e r m in a l  
f o r c i n g  c o n t r o l  ( c o n t r o l  o f  to p  
p ro d u c t )
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F ig u re  5-2 S chem atic  d iagram  o f  th e  te rm in a l  
f o r c i n g  c o n t r o l  ( c o n t r o l  o f  bo ttom  
p ro d u c t )
(2.) Vapor c o m p o s i t io n  on t r a y  2 and t r a y  1 (Yi  2 »
Yi , i >
(3 )  L iq u id  c o m p o s i t io n  on t r a y  1 and d i s t i l l a t e
c o m p o s i t io n  C ^  ^
C4) T em p e ra tu re  o f  t h e  l i q u i d  on t r a y  1 (T-j)
(5)  L iq u id  h o ld u p  on t r a y  1 )
E q u a t io n  ( .5 -1a) and ( 5 - 1b) c o u ld  h e  com bined a s  
a  f o u r t h  o r d e r  p o ly n o m ia l  w hich i s  a  f u n c t i o n  o f  e i t h e r  
o r  R. S in c e  c o n s i d e r a b l e  c a l c u l a t i o n  i s  r e q u i r e d  i n  
o r d e r  to  o b t a i n  th e  c o e f f i c i e n t s  o f  th e  p o ly n o m ia l  and 
a l s o  s in c e  t h e r e  i s  no i n t e r e s t  i n  d e te r m in in g  a l l  
r o o t s  o f  t h e  p o ly n o m ia l ,  i t  was d e c id e d  to  u s e  th e  
i n t e r p o l a t i o n  method to  o b t a i n  t h e  c o r r e c t i v e  r e f l u x  
f lo w  r a t e ,  R. The p r o c e d u r e  was a s  f o l lo w s :
(1 )  Guess an i n i t i a l  r a n g e  o f  th e  r e f l u x  f lo w
r a t e  S t a i n  a n d  ^ a x  *
(2 )  C a l c u l a t e  c o r r e s p o n d i n g ^  ) min a n d (T 1j m&x
from E q u a t io n  ( 5 - 1b)
(3 )  P e r fo rm  th e  f u n c t i o n a l  e v a l u a t i o n  o f  th e  form
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(4 )  C a l c u l a t e  t h e  n e x t  h e s t  v a lu e  o f  R as
max
R =
max
 ^5 -3 )
(5 )  R e p e a t  p r o c e d u r e s  (2 )  -  (4 )  u n t i l  t h e  r e s u l t i n g  
v a l u e  c o n v e r g e s  t o  a  p r e B p e c i f i e d  t o l e r a n c e .
A p l o t  o f  r e f l u x  f lo w  r a t e ,  R, v e r s u s  c o r r e s p o n d in g  
f u n c t i o n ,  f ( T . j , R ) ,  a t  s t e a d y  s t a t e  c o n d i t i o n  i s  shown 
i n  F ig u re  5 -3 .  I t  a p p e a r s  t h a t  t h e  r e l a t i o n s h i p  
b e tw een  t h e  two i s  q u i t e  l i n e a r .  T h is  im p l i e s  t h a t  
o n ly  a  few i t e r a t i o n s  may be r e q u i r e d  to  o b t a i n  a  
c o r r e c t i v e  r e f l u x  f lo w  r a t e .  I n  f a c t ,  i t  was found  
t h a t  f o r  a l l  u n s te a d y  s t a t e  c o n d i t i o n s ,  t h e  c o r r e c t i v e  
r e f l u x  f lo w  r a t e  was r e a c h e d  i n  a  maximum n u m b e r .o f  
i t e r a t i o n s  o f  t h r e e  f o r  a  t e m p e r a tu r e ,  , co n v e rg en ce  
t o l e r a n c e  o f  1 x  10“ ^ . T h is  i s  c o n s id e r e d  to  be  q u i t e  
s a t i s f a c t o r y  i n  r e g a r d  to  b o th  c a l c u l a t i o n  p r e c i s i o n  
and  com pu ting  t im e .
F or c o n t r o l  o f  b o tto m  p r o d u c t ,  th e  c o r r e c t i v e  
v a p o r  b o i l  up  r a t e ,  Vr> w hich i s  n e c e s s a r y  to  com pensa te  
t h e  d i s t u r b a n c e s  i s  g iv e n  by
V. ( 5 - 4 )r
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R e f lu x  r a t e ,  m o le s /h o u r
F ig u re  5 -3  R e l a t i o n s h i p  o f  f(!P-j,R)and th e  r e f l u x  
r a t e  a t  s t e a d y  s t a t e  c o n d i t i o n
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The c o n t r o l  o b j e c t i v e  i s  to  m a i n t a i n  t h e  l i g h t
key com ponent i n  th e  b o tto m  p r o d u c t ,  Xw  ^ , c o n s t a n t
o
a t  i t s  s t e a d y  s t a t e  v a l u e ,  Xw^. T hus, jflquation  ( 5 - 4 )  
can  be w r i t t e n  a s
V xi,» -
Vr   ---------------------------------------
X w i  -  Y i , r
The r e b o i l e r  d u ty  w h ich  i s  r e q u i r e d  to  g e n e r a t e  
Vr  can  b e  c a l c u l a t e d  a s  t ,see  A ppendix  C)
Q = v J g  -  H + > H, ( Xw, - Y ,  )r |  r  r  ■*,*r  ^
5_xwi ----
i=1 1 dT_
i=1 1 dT
-  W « r >  + £ Hi , r x n<x l >n - » l >
o  d H .  r  e
S XWi"IT^  g ki.rLn(Xi,n-Xwi>
1 = 1  1  a i _
C 5 - 5 )
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The f o l l o w i n g  p h y s i c a l  v a r i a b l e s  m u s t  he  m e asu red  
f o r  c o n t r o l  o f  b o tto m  p r o d u c t :
(1). L iq u id  f lo w  r a t e  f r o B i  t r a y  n a n d  b o t t o m  p r o d u c t  
r a t e  (Ln ,W)
(2). L iq u id  c o m p o s i t io n  on t r a y  n  an d  b o tto m  
c o m p o s i t io n  (X^
(3 i B u b b le  p o i n t  t e m p e r a tu r e  o f  t r a y  n  and r e b o i l e r  
(4jL V apor c o m p o s i t i o n  on r e b o i l e r  (Y. )x f r
S te p  R esp o n se  o f  t h e  D i s t i l l a t i o n  Columns
The B tead y  s t a t e  c o n d i t i o n s  a r e  g iv e n  i n  T a b le s  
5-1 and 5 - 2 .  T o ta l  c o n d e n s e r  and  s u b c o o le d  r e f l u x  a r e  
assum ed th r o u g h o u t  t h i s  s tu d y .
The s t e p  r e s p o n s e s  o f  to p  and b o t to m  c o m p o s i t io n s  
f o r  th e  t e n - t r a y  colum n to  d i s t u r b a n c e s  i n  f e e d  r a t e ,  
r e f l u x  r a t e ,  and  r e b o i l e r  h e a t  r a n g i n g  from  5% t o  25% 
a r e  shown i n  F ig u re  5 -4  to  F ig u r e  5 -7 .  T h e i r  
c o r r e s p o n d in g  n o r m a l i z e d  r e s p o n s e  c u r v e s  a r e  shown i n  
F ig u r e  5 -8  t o  F ig u re  5 - 1 1 .  F ig u r e  5 -12  to  F ig u r e  5-15 
show th e  n o r m a l i z e d  s t e p  r e s p o n s e s  to  f e e d  r a t e s ,  
r e f l u x  r a t e s ,  and  r e b o i l e r  h e a t  d i s t u r b a n c e s ,  f o r  a  
t h i r t y - t r a y  colum n w h e re  a  s h a r p  s e p a r a t i o n  i s  r e q u i r e d .
As can  b e  s e e n  from  th o s e  n o r m a l i z e d  s t e p  r e s p o n s e s  
c u r v e s ,  t h e  m u l t ic o m p o n e n t  d i s t i l l a t i o n  p r o c e s s e s  a r e
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T a b le  5-1 S t e a d y - s t a t e  C o n d i t io n s  ( 1 0 - t r a y  and 3 0 - t r a y  
Columns)
Peed f lo w  r a t e :  600 m o le s /h o u r
Peed t e m p e r a tu r e :  174. 25  ° P  (B ubb le  p o i n t )
Peed  c o m p o s i t io n  (m ole f r a c t i o n ) :
P ro p a n e  -  0 .0 8
i s o - b u t a n e  -  0 .2 0
n - b u ta n e  -  0 .2 2
i s o - p e n t a n e  -  0 , 2 3
n - p e n ta n e  -  0.'27
D i s t i l l a t e  f lo w  r a t e  : 2 9 9 .9 4  m o le s /h o u r
R e f lu x  f lo w  r a t e  : 801 m o le s /h o u r  ( 1 0 - t r a y  column)
690 m o le s /h o u r  ( 3 0 - t r a y  colum n) 
R e f lu x  te m p e r a tu r e  : 135 °P  ( 1 0 - t r a y  column)
138 °P  ( 3 0 - t r a y  column)
D i s t i l l a t e  and b o tto m  p r o d u c t  c o m p o s i t io n :
Component D i s t i l l a t e    B o ttom s
10 t r a y 30 t r a y 10 t r a y 30 t r a y
°3 .15994 .16002 .9 3 2 9 0 x 1 0 "4 .16147x10*7
i -  0 . .38782 .39979 . 12261x10“ 1 .2 3 4 1 9 x 1 0 "3
n -  c . .39994 .43587 . 49133x10"1 ,40671x10"2*T
i -  c5 .4 2 8 2 7 x 1 0 "1 .41162x10“ 2 .41709 .45592
n -  05 .1 8 4 6 6 x 1 0 "1 .2 0 0 4 7 x 1 0 "3 .52142 .53979
R e b o i l e r  h e a t  : 9606437 BTU/hour ( 1 0 - t r a y )
T a b le  5 -2  S te a d y  s t a t e  t e m p e r a t u r e ,  v a p o r  and  l i q u i d  
f lo w  r a t e  p r o f i l e s  o f  t e n - t r a y  co lum n
T ray  num ber Temp. ( ° P ) V apor L i q u i d L i q u i d
f lo w  r a t e f lo w  r a t e h e i g h t
( m o l e s / h r ) ( m o l e s / h r ) ( f t )
0 ( a c c u m u l a t o r ) 135*0 3 .0 0 0
1 152.1  5 1 1 0 0 .9 3 4 7 7 8 .4 4 4 0 .3 4 4 5
2 1 6 4 .7 0 1 0 7 8 .3 8 2 7 5 4 .3 5 0 0 .3 4 2 5
3 175*46 1 0 5 4 .2 7 8 734*311 0 .3 4 0 9
4 184*63 1 0 3 4 .2 4 2 7 2 1 .0 8 1 0 .3 3 9 8
5 ( f e e d  t r a y ) 1 9 1 .7 8 1 0 2 1 .0 1 7 1324*260 0 .3 8 4 7
6 2 0 2 .2 2 1 0 2 4 .8 4 0 1 5 2 6 .9 0 2 0 .3 8 4 8
7 2 1 1 .4 8 1 0 2 6 .8 4 0 1 3 3 0 .6 3 8 0 .3 8 5 1
8 2 1 9 .3 8 1 0 3 0 .5 6 6 1335*724 0 .3 8 5 4
9 225*74 1 0 3 5 .6 5 5 1 3 4 1 .0 3 9 0 .3 8 5 8
10 2 3 0 .6 2 1 0 4 0 .9 8 0 3 0 0 .0 6 0 3 .0 0 0
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CM
2 0 %
-1096
CU
<3. SO 1 . 5 0.00 l . o a
T I M E  ( HOUR )
F ig u r e  5 - 4  S t e p  r e s p o n s e s  o f  Xd^ f o r  f e e d  r a t e
d i s t u r b a n c e s
6 0
cu
+ 20%
+ 15%
+ 5%
CM
O
1 . 5 0.00 1.00
T I M E  t HGUfi  1
F igu re 5 -5  S tep  r e sp o n se s  o f  Xw, fo r  fe e d  r a t eo
d is tu r b a n c e s
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l.sq* ^ .0 0 0 .  SO  1
T I M E
00
I HOUR )
2.00 . s o
F i g u r e  5 - 6  S t e p  r e s p o n s e s  o f  Xd^ f o r  r e f l u x  f l o w
r a t e  d i s t u r b a n c e s
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(M
O
in
- 10?6
o
0 . SO 3 .  SO□0 3 . 0 0
T I M E  i HOUR I
F ig u r e  5 - 7  S t e p  r e s p o n s e s  o f  Xw  ^ f o r  r e b o i l e r  h e a t
d i s t u r b a n c e s
totO
-2596
-1596
+ 596
-  596 
(from top  down)-  596 
-1596 
-2596 
(from  top  down)
-»— —
0 .6 0 a .70 " r— o.so TO.SOa.oo o.io 0.20 o.oo o.uo o.so 
7 J H E  (  H f l U H  *
F igu re 5 -8  N orm alized s te p  r e sp o n se s  o f  Xd  ^ fo r  feed  r a t e  d is tu r b a n ce s
V .0 0  o'. 10 o ' 20  o '.30  o '.40 O’.SO 0 .6 0  0.70 0 .6 0
T l d E  ( HOUR J
F ig u re  5 -9  N orm alized Btep r e sp o n se s  o f  Xw  ^ fo r  fe e d  r a t e  d is tu r b a n ce s
0.30 1.00
(T>
o+ 5%
o .w
T I M E  t  H O U R  1
o.aoo.so 0.60o .to
F igu re 5 -10  N orm alized s te p  r e sp o n se s  o f  Xd  ^ fo r  r e f lu x  r a t e  d is tu r b a n ce s
C3
+2596
-15%
x f i
0 .900 .7 0O.SO o.oao.soa .n o
TIHE ( HOUfl )
F igu re 5-11 N orm alized s te p  re sp o n se s  o f  Xw  ^ fo r  r e b o i le r  h e a t  
d is tu r b a n ce s
N
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ed
 
X
0 . 8
+2096
+10%
20%0 .4
0 .2
0 0 . 2 0 .4 0 . 6 0.8 1 . 0
Time, h o u r
F ig u re  5-12 N orm alized  s t e p  r e s p o n s e s  o f  Xd^ f o r  fe e d  r a t e  
d i s t u r b a n c e s  ( 30- t r a y  column)
ON
N
or
m
al
iz
ed
 
X
0.8  -
-20% / / - 1 0 *
0 . 6
0 .4
+20 %
0 . 2
1 . 00 . 60 .4 0.80.20
Time, h ou r
F ig u re  5-13 N orm alized  Btep r e s p o n s e s  o f  Xw  ^ f o r  f e e d  r a t e  
d i s t u r b a n c e s  ( 3 0 - t r a y  column)
ChOD
N
or
m
al
iz
ed
0.8
- 2 0 %
0 .4
0 . 2
0 . 60 .4 1 . 00 , 2 0.80
Time, h ou r
F ig u re  5-14  N orm alized  s t e p  r e s p o n s e s  o f  Xd^ f o r  r e f l u x  r a t e  
d i s t u r b a n c e s  ( 30- t r a y  column)
N
or
m
al
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ed
 
X
0.8
0 .4
0 0 . 60 .4 0.8 1 . 0
Time, h o u r
F ig u re  5-15 N orm alized  s t e p  r e s p o n s e s  o f  Xw  ^ f o r  r e h o i l e r  
h e a t  d i s t u r b a n c e s  ( 30- t r a y  column)
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h ig h ly  n o n l i n e a r .  The n o n l i n e a r i t y  was e s p e c i a l l y  
n o te d  i n  t h e  t h i r t y - t r a y  colum n. I n  v ie w in g  t h e s e ,  
i t  would h e  d i f f i c u l t  to  d e v e lo p  column t r a n s f e r  
f u n c t i o n s  w h ich  c o u ld  r e l a t e  t h e  i n p u t  and o u tp u t  
v a r i a b l e s  s a t i s f a c t o r i l y .  T h is  a l s o  i n d i c a t e s  t h a t  
m odels  o b ta in e d  from l i n e a r i z a t i o n  o f  t h e  s y s te m ’ s 
d i f f e r e n t i a l  e q u a t io n s  a ro u n d  a  s t e a d y  s t a t e  c o n d i t i o n  
a r e  h ig h ly  s u s p e c t  f o r  l a r g e r  d i s t u r b a n c e s .
P e rfo rm an ce  o f  T erm in a l F o rc in g  C o n t r o l  Scheme
The f o l lo w in g  d i s t u r b a n c e s  w ere  d e s ig n e d  to  t e s t  
t h e  c o n t r o l  schem es d e v e lo p e d  p r e v i o u s l y .
Peed r a t e  d i s t u r b a n c e s
1. S te p  i n c r e a s e  f e e d  r a t e  by 30% .(P+30%)
2 . S te p  i n c r e a s e  f e e d  r a t e  b y  15%.(F+15%)
3. S te p  d e c r e a s e  f e e d  r a t e  by  15%.(F-15%)
4. S te p  d e c r e a s e  f e e d  r a t e  b y  30%.(F-30%)
5. C o n tin u o u s  f e e d  r a t e  c h a n g e . ( C o n t .  P) 
S im u lta n e o u s  f e e d  r a t e  and f e e d  c o m p o s i t io n  d i s t u r b a n c e s
1. S te p  i n c r e a s e  f e e d  r a t e  by  15% and  f e e d  
c o m p o s i t io n  change s e t  I .  (F+15%, X f l )
2 . S te p  d e c r e a s e  f e e d  r a t e  b y  15% and  f e e d  
c o m p o s i t io n  change  s e t  I I .  (F-15%, X f l l )
3 . C o n tin u o u s  f e e d  r a t e  change  and  s t e p  change 
o f  c o m p o s i t io n  s e t  I  o r  s e t  I I .  ( C o n t .p  & X fl o r  X f l l )
The c o n t in u o u s  fe e d  r a t e  change i s  shown i n  
F ig u re  5-16 and th e  f e e d  c o m p o s i t io n  c h an g e , s e t  I  and
Fe
ed
 
ra
te
, 
ra
ol
es
/h
ou
r
800
700
600
500 -
400
0 . 60 .4 0 .50 .30 . 20 0 . 1
Time, hour
F ig u re  5-16 C on tinuous f e e d  r a t e  d i s t u r b a n c e
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s e t  I I ,  a r e  g iv e n  i n  T a b le  5 -3 -  A l l  f e e d s  a r e  c o n s i d e r e d  
to  b e  a t  t h e i r  b u b b le  p o i n t  t e m p e r a t u r e s .  T h e r e f o r e ,  
a  f e e d  c o m p o s i t io n  c h a n g e  w i l l  a l s o  b r i n g  i n  a  f e e d  
e n t h a lp y  ch a n g e  a s  shown i n  T a b le  3*3 .
F ig u r e  5 -17  to  F i g u r e  5-22  show t h e  p e r fo rm a n c e  
o f  t h e  t e r m i n a l  f o r c i n g  c o n t r o l  schem es when th e  
colum n i s  s u b j e c t  t o  a  v a r i e t y  o f  f e e d  c o n d i t i o n  
c h a n g e s .  F o r  c o n t r o l  o f  to p  p r o d u c t  F ig u r e  5-17  to  
F ig u r e  5 -19  show th e  r e s p o n s e s  o f  t h e  m a n ip u la t e d  
v a r i a b l e ,  r e f l u x  r a t e ,  and  th e  t o p  k e y  com ponent 
c o m p o s i t io n ,  1 . F ig u r e  5 -2 0  to  F i g u r e  5-22 show 
t h e  r e s p o n s e s  o f  r e b o i l e r  h e a t  and  th e  b o t to m  k ey  
com ponent c o m p o s i t io n ,  Xw^ , f o r  c o n t r o l  o f  b o tto m  
p r o d u c t .
P e r f e c t  c o n t r o l  was o b t a i n e d  f o r  a l l  f e e d  
d i s t u r b a n c e s  c o n s i d e r e d  p r o v i d i n g  c o n t r o l  v a l v e  d y n am ics  
and  t r a n s p o r t a t i o n  l a g  w ere  n e g l i g i b l e ,  an d  c o n t in u o u s ,  
i n s t a n t  a n a l y s i s  was a v a i l a b l e .
The v a l i d i t y  o f  t h e  t e r m i n a l  f o r c i n g  c o n t r o l  was 
f u r t h e r  t e s t e d  w i th  d i f f e r e n t  s i z e  o f  r e b o i l e r  and  
a c c u m u la to r  w here  t h e  h o ld u p s  o f  r e b o i l e r  and  
a c c u m u la to r  w ere  r e d u c e d  to  o n e - e i g h t h  and  t i n e - f o u r t h  
o f  t h e i r  o r i g i n a l  v a l u e s  r e s p e c t i v e l y .  I t  was fo u n d  
t h a t  t h e  c h a n g e s  o f  t h e  sy s tem  c a p a c i t y  r e s u l t e d  i n  no 
e f f e c t  on  th e  c o n t r o l  p e r fo rm a n c e  o f  t h i s  c o n t r o l
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T a b le  5 -3  Feed C o m p o s i t io n  Change 
F eed  a t  t= 0  F eed  a t  t= 0 +
S e t  I  S e t .  H
M ole M ole M ole
Component f r a c t i o n  f r a c t i o n  f r a c t i o n
C, 0 .0 8  0 .1 0  0 .0 5
i - C 4 0 .2 0  0 .2 3  0 .2 2
C, 0 .2 2  0 .1 8  0 .1 94
i - C  ' 0 .2 3  0 .1 5  0 .3 03
Cc 0 .2 7  0 .3 4  0 .2 43
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9 2 0
fj 880
-15%
■p 800
+ 15%
3 760
720
0 0 .0 5  0 . 1  0 .1 5  0 . 2 0  0 .2 5
Time, h o u r
F i g u r e  5 - 1 7 a  R e s p o n s e s  o f  r e f l u x  r a t e
.0 4 5
.0 4 4
c
£  .0 4 3  
o
a
« *°42
<—I
E- .041 
. 040
0 0 .0 5  0 . 1 0  0 .1 5  0 . 2 0  0 .2 5
Time, h o u r
F i g u r e  5- 17b T e rm in a l  f o r c i n g  c o n t r o l  o f   ^ f o r  s t e p  
c h a n g e s  i n  f e e d  r a t e  (TFC)
J--------------------1_____________ L
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8 90
F+15%, X fl
690
0 0 .0 5  0 .1 0  0 .1 5  0 .2 0  0 .2 5
Time, h o u r
F ig u r e  5 - 18a R esp o n ses  o f  r e f l u x  r a t e
o .044
042
0 .2 50,200 .1 50.100 .0 50
Time, h o u r
F ig u r e  5-18h T erm in a l f o r c i n g  c o n t r o l  o f  1 f o r
s im u l ta n e o u s  s t e p  c h a n g e s  i n  f e e d  r a t e  
and f e e d  c o m p o s i t io n  (TFC)
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900
C ont. F & X f l l
H?.0
u  7B0
Cont. FE 740 -
700
0 . 40 .30 . 20 . 10
Time, h ou r  
F ig u re  5 -1 9a E ep o n ses  o f  r e f l u x  r a t e
fi -045
o
o .0440)
U «H
a, *°45
r-t OE .042 
.041 
. 0 4 0
0 0 .1  0 .2  0 .3  0 .4  0 .5
Time, h ou r
F ig u re  5 -1 9b T erm in a l f o r c i n g  c o n t r o l  o f  1 f o r
c o n t in u o u s  f e e d  r a t e  change and s t e p  change 
i n  fe e d  c o m p o s i t io n  (TFC)
7 8
&
In
U3tO
X
n)eu
Uo
r-H■H0
a>
01
16
U
12
F +30%
+  1 R1*10
8 -30%
6
20 .2 5.1 5.0 5 . 100
Tim e, h o u r  
F ig u r e  5 - 2 0 a f t e s p o u s e s  o f  r e b o i l e r  h e a t
o .0 5 1•H-H
S  .0 5 0
<U
o .0 4 9
E
s '  .048
x
. 0 4 7
0 .0 5  .1 0  .1 5  .2 0  .2 5
Tim e, h o u r
F ig u r e  5 - 2 0 b  T e r m in a l  f o r c i n g  c o n t r o l  o f  Xw^ f o r
f e e d  r a t e  d i s t u r b a n c e s  (TFC)
J____________I___________ I___________ I
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Bm 11vnio
X 10
-pCOQJ
Xi 9
uOH■H 8O
X*OJ
7
.05
F f 15% & X fl
P — 1596 & X f l l
X ±
. 1 0  . 1 5  
Time, h o u r
. 2 0
F ig u re  5 -2 1 a  R esp o n se s  o f  r e h o i l e r  h e a t
.25
0 .0 5 . 2 0.1 0  .1 5
Time, h o u r
F ig u re  5 - 2 1b T erm in a l f o r c i n g  c o n t r o l  o f  Xw^ f o r  
s im u l ta n e o u s  s t e p  changes  i n  f e e d  
r a t e  and  feed  c o m p o s i t io n  (TFC)
.25
80
u&
£w
Ior—
X
flj<u
&
Fh <D i—I •HO,0<1>
sx:
12
11 Cont. F & X f l l
10
9
8 C ont. F
7
. 2 3 .4. 1 50 «
Time, h o u r  
F ig u re  5 -2 2 a  R esp o n ses  o f  r e b o i l e r  h e a t
ri .051o
■H
tj .050
a> .049
048
0 .2 .3
Time, h b u r
F ig u re  5-22b T erm in a l f o r c i n g  c o n t r o l  o f  Xw^ f o r  
c o n t in u o u s  f e e d  r a t e  change  and s t e p  
change in  f e e d  co m p o sit io n (T F C )
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scheme.
For p r a c t i c a l  c o n s i d e r a t i o n s ,  th e  v a lv e  dynam ics 
was assumed to  be  f i r s t  o r d e r  l a g  a s
m0( s )
1
1 + T s m (s)
Valve
t h i s  can  b e  e x p re s s e d  by a  d i f f e r e n t i a l  e q u a t io n  a s
dm 1 /= —  (mQ -  m) ( 5 -6 )
dt T
H e r e , - ^  i s  t h e  tim e c o n s t a n t  o f  th e  v a l v e  and i s  
g e n e r a l l y  i n  th e  r a n g e  o f  one to  t e n  s e c o n d s .  A s i x -  
seco n d  v a lv e  t im e  c o n s t a n t  was assumed i n  t h i s  s t u d y .  
mc i s  th e  v a l u e  o f  t h e  m a n ip u la te d  v a r i a b l e  c a l c u l a t e d  
by th e  c o n t r o l l e r  and  m i s  th e  a c t u a l  v a l u e  o f  th e  
m a n ip u la te d  v a r i a b l e  w hich  e n t e r s  th e  p r o c e s s .
I n  o r d e r  to  com pensa te  f o r  t h e  l a g  a c t i o n  due to  
v a lv e  r e s p o n s e  a f i r s t  o rd e r  l e a d  dynamic co m p en sa to r  
was added to  th e  sy s te m . T h is  can  be  e x p re s s e d  a s
m (s) c 1 + T s
ms ( s ) 1
1 + T  s
m (s)
ms
Com pensator V alve
The com pensa ted  v a lu e  o f  t h e  m a n ip u la te d  v a r i a b l e ,  
, can b e  o b ta in e d  from t h e  f o l lo w in g  d i f f e r e n t i a l
e q u a t io n :
E q u a tio n  5*-7 can b e  a p p ro x im a ted  by
( " B) t  = (mc ) t  +r [ ( mc)t (5- 8)
E q u a t io n  5-8 was u s e d  to  c a l c u l a t e d  th e  
com pensa ted  v a lu e  o f  r e f l u x  and r e b o i l e r  h e a t  s e t t i n g s .
The t e r m i n a l  f o r c i n g  c o n t r o l  w i th  c o n s i d e r a t i o n  
o f  dynam ics w i l l  b e  r e f e r r e d  a s  "TFC*". T h is  w i l l  
d i f f e r e n t i a t e  from "TFC" w h ich  s t a n d s  f o r  th e  same 
c o n t r o l  scheme w i th o u t  c o n s i d e r a t i o n  o f  v a lv e  dynam ics .
The c o n t r o l  p e r fo rm a n c e  w i th  c o n s i d e r a t i o n  o f  
v a lv e  dynam ics and a p p ly in g  l e a d  c o n p e n s a to r s  a r e  shown 
i n  F ig u re  5 -25  & F ig u re  5 -2 4 .  H e a r ly  p e r f e c t  c o n t r o l  
was o b t a in e d  f o r  a l l  c a s e s  s t u d i e d .
D is c u s s io n  o f  th e  T erm in a l F o rc in g  C o n t ro l  Scheme
The f e e d fo rw a rd  c o n t r o l  d e v e lo p e d  h e r e  h a s  th e  
f o l lo w in g  a d v a n ta g e s  and  d i s a d v a n ta g e s :
A d v a n ta g e s :
1. I t  does n o t  r e q u i r e  an  o v e r a l l  dynamic model 
o f  th e  e n t i r e  column, h e n c e ,  i t  e l i m i n a t e s  th e  
n e c e s s i t y  f o r  d e v e lo p in g  su c h  a  m odel th ro u g h  e i t h e r  
t h e o r e t i c a l  o r  e x p e r im e n ta l  s t u d i e s .  T h is  w i l l  l e a d  
to  a  g r e a t  d e a l  o f  s a v i n g .a n  tim e  and qaoney*
2 . P e r f e c t  c o n t r o l  o r  n e a r l y  p e r f e c t  c o n t r o l  i s  
p o s s i b l e .
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F ig u re  5-23 T erm in a l f o r c i n g  c o n t r o l  o f  1 
i n c l u d i n g  v a l v e  dynam ics (TFC*)
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3. I n s t e a d  o f  c o n s i d e r i n g  a  w hole  colum n, o n ly  
t h e  s e c t i o n s  n e a r  t h e  c o n t r o l  s t r e a m s  need  be  s im u la t e d .  
T h is  im proves  th e  a c c u r a c y  o f  t h e  model and makes th e  
s im u la t io n  e a s i e r  and s t r a i g h t f o r w a r d .  A lso , by 
v i r t u e  o f  t h e  c o n s i d e r a t i o n  o f  o n ly  s m a l l  s e c t i o n s  o f  
t h e  column a s  c o n t r o l  sy s te m s ,  a l l  p o s s i b l e  d i s t u r b a n c e s  
w hich  a r e  l i k e l y  to  e n t e r  t h e s e  s e c t i o n s  can  be  h a n d le d  
w i th o u t  a  g r e a t  d e a l  o f  d i f f i c u l t y .
D is a d v a n ta g e s :
1. I t  r e q u i r e s  a  d i g i t a l  com puter  and more 
m easurem en ts  th a n  c o n v e n t io n a l  c o n t r o l  schem es. Thus, 
i t  i s  more e x p e n s iv e  to  im plem ent and to  m a in ta in .
2 . The e x t r a  r e q u i r e m e n t  o f  t h e  m easurem en ts  o f  
v a p o r  and l i q u i d  f lo w  r a t e s  i n s i d e  t h e  d i s t i l l a t i o n  
column w i l l  r e q u i r e  t h e  d eve lopm en t o f  s p e c i a l  column 
i n s t r u m e n t a t i o n .  T h is  m ig h t  g iv e  r i s e  to  d i f f i c u l t y  
i n  a p p ly in g  t h e  method to  e x i s t i n g  co lum ns.
Feedback C o n t ro l
Feedback c o n t r o l  h a s  b een  e x t e n s i v e l y  u t i l i z e d  f o r  
t h e  c o n t r o l  o f  d i s t i l l a t i o n  colum ns f o r  t h e  p a s t  
s e v e r a l  d e c a d e s  and i s  p r e s e n t l y  th e  m o st f r e q u e n t l y  
u s e d  m ethod. I t  i s  r e l a t i v e l y  s im p le  to  im plem ent 
and  r e q u i r e s  r e a d i l y  a v a i l a b l e  i n s t r u m e n t a t i o n .  I n  
g e n e r a l ,  p r o p o r t i o n a l  p lu s  i n t e g r a l  a c t i o n  h a s  b een
8 6
m ost o f t e n  u se d  i n  t h e  fee d b a c k  c o n t r o l l e r s .  D e r i v a t i v e  
a c t i o n  i s  u s u a l l y  found  to  he  i n e f f e c t i v e  b e c a u s e  o f  
t h e  i n a c c u r a t e  p l a n t  m easu rem en ts  and th e  d i f f i c u l t y  
o f  t u n in g  DID fe e d b a c k  c o n t r o l l e r s  w here n o i s e  e x i s t s .
I n  o r d e r  to  compare fee d b a c k  c o n t r o l  to  t h e  p ro p o sed  
m ethod, i t  was t h e r e f o r e  d e c id e d  to  u s e  a  P I c o n t r o l l e r  
f o r  b o th  f e e d b a c k  te m p e r a tu r e  and  fe e d b a c k  c o m p o s i t io n  
c o n t r o l .
i ) .  Feedback  T em p era tu re  C o n tro l
Feedback  te m p e r a tu r e  c o n t r o l  i s  u s u a l l y  u s e d  f o r  
i n d i r e c t  c o n t r o l  o f  p r o d u c t  c o m p o s i t io n  i n  d i s t i l l a t i o n  
co lum ns. For b i n a r y  sy s tem s t h e  e q u i l i b r iu m  
c o m p o s i t io n  I s  u n iq u e ly  d e te rm in e d  by s p e c i f y i n g  th e  
t e m p e r a tu r e  and p r e s s u r e  o f  th e  sy s te m . F or 
m u lt ic o m p o n e n t sy s te m s ,  how ever, t e m p e r a tu r e  and 
p r e s s u r e  a r e  ,n o t  s u f f i c i e n t  to  f i x  c o m p o s i t io n .  To 
w hat e x t e n t  th e  t e m p e r a tu r e  w i l l  g iv e  an a p p ro x im a te  
i n d i c a t i o n  o f  c o m p o s i t io n  depends on th e  p a r t i c u l a r  
s e p a r a t i o n  sy s tem . The p e r fo rm a n c e  o f  t e m p e r a tu r e  
c o n t r o l l e r s  r e l i e s  h e a v i l y  upon th e  s e l e c t i o n  o f  th e  
c o n t r o l  t r a y .  G e n e r a l ly ,  th e  f a r t h e r  th e  t e m p e r a tu r e  
s e n s o r  i s  l o c a t e d  from th e  c o n t r o l  s t r e a m , t h e  more 
s t e a d y  s t a t e  d e v i a t i o n  r e s u l t s .  F ig u re  5 -25  shows 
t h e  p e r fo rm a n c e  o f  th e  fe e d b a c k  te m p e r a tu r e  c o n t r o l  
o f  to p  p r o d u c t  c o m p o s i t io n  f o r  s e v e r a l  d i f f e r e n t  
te m p e r a tu r e  s e n s o r  l o c a t i o n s  when t h e  column was
87
.048
g *°44
8 -042
£
h  -040
o
E
^ . 0 3 8
X
.036
c o n t r o l  t r a y  1
0 .3 0 .40 0.1 0 . 2
Time, h o u r
F ig u re  5-2 5 Feedback te m p e r a tu r e  c o n t r o l  o f
Xd^ f o r  f e e d  r a t e  s t e p  change -15%
88
s u b j e c t  to  a  s t e p  change  o f  15% i n  f e e d  r a t e .  I t  
d e m o n s t r a te s  t h a t  f i r s t  t r a y  t e m p e r a tu r e  m easurem ent 
i s  th e  b e s t  and th e  s t e a d y  s t a t e  o f f s e t  i n c r e a s e s  a s  
th e  te m p e r a tu r e  c o n t r o l  p o i n t  i s  lo w e re d .  I n  r e a l  
co lum ns, th e  te m p e r a tu r e  d i f f e r e n c e  b e tw een  a d j a c e n t
t r a y s  a t  t h e  to p  s e c t i o n  i s  u s u a l l y  v e ry  s m a l l  a s
th e s e  t r a y s  a r e  d e s ig n e d  to  s e p a r a t e  a  v e ry  p u re
p r o d u c t .  I n  such  c a s e s ,  i t  would be  d e s i r a b l e  n o t  to
s e l e c t  th e  c o n t r o l  t r a y  a t  th e  to p  o f  th e  column 
b e c a u s e  o f  th e  poor s e n s i t i v i t y  o f  t h e  te m p e r a tu r e  
m easurem ent.
i i ) .  Feedback C o m p o sitio n  C o n t ro l
A lthough  f e e d b a c k  c o m p o s i t io n  c o n t r o l  ( a b b r e v i a t e d  
a s  FBCC) w i th  an  on s t re a m  a n a l y z e r  can  p r o v id e  more 
a c c u r a t e  c o n t r o l  i t  h a s  two d raw backs:
1. I t  i s  more e x p e n s iv e  to  i n s t a l l  and  to  
m a i n t a i n  th a n  a  te m p e r a tu r e  c o n t r o l l e r .
2 . An s tre a m  a n a ly z e r  i s  o f t e n  o f  t h e  d i s c r e t e  ty p e .  
The c y c le  t im e  o f  an  on s tre a m  a n a l y z e r  i s  u s u a l l y  to o  
lo n g  to  make fe e d b a c k  c o m p o s i t io n  c o n t r o l  d e s i r a b l e .
The c y c le  t im e  m ig h t  b e  lo n g  enough to  l e a d  th e  
sy s tem  tow ard  i n s t a b i l i t y  o r  c a u s e  th e  c o n t r o l  
p e r fo rm a n c e  to  b e  u n a c c e p t a b l e .
The r e c e n t  d ev e lo p m en t o f  h ig h  sp e e d  p r o c e s s  g as  
ch ro m a to g ra p h s  w hich  a r e  a b l e  to  p r e s e n t  a  f u l l
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a n a l y s i s  e v e ry  15 se c o n d s  h a s  g r e a t l y  i n c r e a s e d  th e  
f e a s i b i l i t y  o f  fe ed b a c k  c o m p o s i t io n  c o n t r o l .  T here  
i s  no d o u b t  t h a t  w i th  th e  p r o g r e s s  i n  th e  d ev e lo p m en t 
o f  h ig h  speed  p r o c e s s  a n a l y z e r s ,  fe e d b a c k  c o m p o s i t io n  
c o n t r o l  w i l l  s e e  c o n s i d e r a b l e  g a in  i n  i t s  p o p u l a r i t y  
i n  t h e  f u t u r e  i n  t h e  a r e a  o f  c o n t r o l  o f  m u lt ic o m p o n en t  
d i s t i l l a t i o n  co lum ns. The s i g n i f i c a n t  q u a n t i t y  o f  
e f f o r t  now g o in g  on i n  ex p a n d in g  c h ro m a to g ra p h ic  
u s a g e  i n d i c a t e s  t h a t  ch ro m ato g rap h y  w i l l  c o n t in u e  to  
i n c r e a s e  i n  im p o r ta n c e  d u r in g  th e  n e x t  d e c ad e .
Prom th e  s t a n d p o i n t  o f  p r o c e s s  dynam ics, i t  
would b e  d e s i r a b l e  to  sam ple  th e  v a p o r  o u t l e t  from  t h e  
to p  t r a y  b e c a u s e  i t  r e s p o n d s  f a s t e r .  O g lesby  and 
Hobbs (5 1 )  s t u d i e d  t h e  s a m p l ln g - p o in t  l o c a t i o n  from  
th e  p o i n t  o f  v iew  o f  s a m p lin g  a c c u ra c y  and t h e  e f f e c t  
o f  s a m p lin g  r a t e  u s i n g  c h ro m a to g ra p h  a n a l y z e r s  f o r  
d i s t i l l a t i o n  c o n t r o l .  They i n d i c a t e d  t h a t  th e  m o st 
s a t i s f a c t o r y  s a m p lin g  p o i n t  l o c a t i o n  f o r  m e a s u r in g  
and c o n t r o l l i n g  t h e  o v e rh e a d  p ro d u c t  was t h e  o u t l e t  
o f  t h e  o v e rh e a d -v a p o r  c o n d e n s e r .  L a rg e  c o m p o s i t io n  
g r a d i e n t s  e x i s t e d  a c r o s s  t h e  v a p o r  o u t l e t  l i n e  and 
e n t r a in m e n t s  w ere r e p o r t e d  to  ca u se  poor r e p r o d u c i b i l i t y  
o f  t h e  a n a l y s i s  o f  t h e  v a p o r  c o m p o s i t io n  i n  an  
o v e rh e a d  v a p o r  l i n e .  O n - l in e  c o n t in u o u s  s a m p lin g  and 
i n s t a n t a n e o u s  a n a l y s i s  w ere  assum ed to  be  a v a i l a b l e
i n  t h i s  s tu d y .  A gain , PI c o n t r o l  was u se d  i n  fe e d b a c k  
c o m p o s i t io n  c o n t r o l .  The Z i e g l e r  and N ic h o ls  tu n in g  
m ethod (8 6 )  b a s e d  on c lo e e d - lo o p  r e s p o n s e  was f i r s t  
u s e d  f o r  tu n in g  th e  p a r a m e te r s  o f  t h e  fe e d b a c k  
c o n t r o l l e r s .  I t  was found  t h a t  th e  sy s tem  was 
i n s e n s i t i v e  to  p r o p o r t i o n a l  g a i n  and t h e  u l t i m a t e  g a in  
and  u l t i m a t e  p e r io d  w ere  r a t h e r  d i f f i c u l t  to  r e c o g n i z e  
The p r o p o r t i o n a l  g a i n  and r e s e t  tim e w ere  b e s t  tu n ed  
by  an  o p t i m i z a t i o n  t e c h n iq u e  { p a t t e r n  s e a r c h  (7 4 )  ) 
b a s e d  on th e  t u n in g  c r i t e r i o n  o f  ITAE. i . e . ,
w here e i s  th e  d e v i a t i o n  o f  t h e  c o m p o s i t io n  o f  t h e  key 
com ponent from i t s  s t e a d y  s t a t e  v a lu e .
The o p t im a l  p r o p o r t i o n a l  g a in  and  r e s e t  t im e  f o r  
t h e  f e e d b a c k  c o m p o s i t io n  c o n t r o l l e r  was 
F o r  c o n t r o l  o f  to p  p r o d u c t  s
K = 1 .880  X 105 m o le s /h r /m o le  f r a c t i o n
I  = 0 .00332 h o u r s  
F o r  c o n t r o l  o f  b o tto m  p r o d u c t  :
K = 8 .7 6 8  X 109 m o le s /h r /m o le  f r a c t i o n
I  = 0 .02628  h o u r s
N ote  t h a t  th e  p r o p o r t i o n a l  g a in  u se d  h e r e  i s  
a  g e n e r i c  te rm  w hich  i n c lu d e s  m easurem ent g a i n ,  
p r o p o r t i o n a l  g a in  i n  th e  c o n t r o l l e r  and v a l v e  g a i n .
ITAE ( 5 - 9 )
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The o u tp u t  o f  th e  a n a l y z e r  d e t e c t o r  i s  u s u a l l y  a m p l i f i e d  
and f e d  to  a  memory e le m e n t o f  an  a n a lo g  c o n t r o l l e r  o r  
a  d i g i t a l  co m p u te r . S in c e  t h e  o u t p u t  s i g n a l s  
c o n v e n t io n a l ly  a v a i l a b l e  from th e  g a s  ch ro m a to g ra p h s  
a r e  g e n e r a l l y  0 -1 0  v o l t s  dc , 10 to  50 m i l l i a m p e r e s ,
4 to  20 m i l l i a m p e r e s  o r  t r a n s d u c e d  to  a  3 to  15 p s i g  
p n eu m atic  s i g n a l ,  t h e  a c t u a l  p r o p o r t i o n a l  g a in  i n  
th e  c o n t r o l l e r  i s  much s m a l l e r  th a n  th e  v a l u e s  shown 
i n  t h i s  work.
The s c h e m a t ic  d iag ram  o f  f e e d b a c k  c o m p o s i t io n  
c o n t r o l  o f  a  d i s t i l l a t i o n  column i s  shown i n  F ig u re  
5 -2 6 .
The c o n t r o l  p e r fo rm a n c e  o f  t h e  f e e d b a c k  c o m p o s i t io n  
c o n t r o l l e r  w i th  th e  above tu n e d  p a r a m e te r s  i s  shown 
i n  F ig u re  5-27 to  F ig u r e  5-31 a lo n g  w i th  co m p ariso n  
o f  t e r m i n a l  f o r c i n g  c o n t r d l .
I t  sh o u ld  b e  n o te d  t h a t  f e e d b a c k  c o m p o s i t io n  
c o n t r o l  p r o v id e s  v e ry  good c o n t r o l  f o r  s t e p  f e e d  
d i s t u r b a n c e s  b u t  h a s  some o s c i l l a t i o n s  f o r  c o n t in u o u s  
f e e d  d i s t u r b a n c e  a s  shown i n  F ig u r e  5 -5 1 .
F eed fo rw a rd  C o n t ro l
The s c h e m a tic  d iag ram  o f  f e e d fo rw a rd  c o n t r o l  o f  
a  d i s t i l l a t i o n  column i s  shown i n  'F ig u re  5 -3 2 .  For 
c o n v e n ie n c e  i t  was d e c id e d  to  u s e  "FFCS" and "FFCD"
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F ig u re  5-2  6 S ch em atic  d iag ram  o f  fe e d b a c k  
c o m p o s i t io n  c o n t r o l  ( FBCC)
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Figure 5-30a Control o f  Xw^  f o r  s t e p  changes in  
f e e d  r a t e  and feed  com posit ion
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F igure 5 - 30b Control o f  Xw^  fo r  s t e p  changes in  
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F ig u re  5-32 S ch em atic  d iagram  o f  f e e d fo rw a rd  
c o n t r o l  (FFC)
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to  r e p r e s e n t  t h e  f e e d f o r w a r d  c o n t r o l  w i t h  s t a t i c  and 
dynam ic  c o m p e n s a t io n  r e s p e c t i v e l y .
i ) .  F e e d fo rw a rd  C o n t r o l  w i t h  S t a t i c  C o m p e n sa t io n F F C S )
The d e s i g n  o f  t h e  f e e d f o r w a r d  c o n t r o l l e r  i n  t h i s  
s tu d y  w as b a s e d  on e x p e r i m e n t a l  m o d e ls  w h ich  
c o r r e l a t e  i n p u t - o u t p u t  o r  c a u s e  and  e f f e c t  r e l a t i o n s h i p .  
The e x p e r i m e n t a l  p r o c e d u r e s  a r e  s t r a i g h t f o r w a r d  i n  
c o n c e p t  b u t  m ig h t  b e  e x p e n s iv e  to  r u n  an d  a l s o  be  
u n s u c c e s s f u l ,  s t e p  r e s p o n s e  an d  p u l s e  t e s t i n g  m e th o d s  
a r e  m o s t  commonly u s e d  i n  t h e  e x p e r i m e n t a l  d e s i g n  o f  
f e e d f o r w a r d  c o n t r o l l e r s .  S in c e  t h e  r e s p o n s e s  w i l l  
g r e a t l y  d ep e n d  u p o n  t h e  r a n g e  o f  t h e  d i s t u r b a n c e s  a s  
shown p r e v i o u s l y ,  a t t e n t i o n  m u s t  b e  p a i d  to  d e t e r m in e  
w h e th e r  t h e  t e s t i n g  r a n g e  i s  a d e q u a t e  t o  o b t a i n  a  
m e a n in g f u l  m o d e l .
The g e n e r a l  f e e d f o r w a r d  c o n t r o l  m ode l f o r  
c o n t r o l l i n g  to p  p r o d u c t  ca n  b e  e x p r e s s e d  a s
X d (s )  = Kr Gr ( s J R ( s )  + Kf Gf ( s ) F ( s )  ( 5 - 1 0 )
w h e re  Kr , and  Kf  a r e  t h e  s t e a d y  s t a t e  g a i n s ,  an d  Gr
and  a x e  t h e  dynam ic  co m ponen t o f  t h e  t r a n s f e r  
f u n c t i o n s  w h ic h  c o r r e l a t e  t h e  i n p u t - o u t p u t  r e l a t i o n s h i p s .  
H e r e ,  X d ( s ) ,  R ( s )  and  F ( s )  a r e  a l l  p e r t u b a t e d  v a r i a b l e s .  
I t  i s  common p r a c t i c e  t o  a ssu m e  t h e  dynam ic  com ponen t 
a s  one  o f  t h e  f o l l o w i n g :
F i r s t  o r d e r  l a g
F i r s t  o r d e r  l o g  w i th  dead tim e  
Second o r d e r  l a g  
Second o r d e r  l a g  w i th  dead  t im e  
W ith o u t c o n s i d e r i n g  th e  dynam ics o f  th e  p r o c e s s  
th e  s te a d y  s t a t e  f e e d fo rw a rd  c o n t r o l  model i n . t i m e  
dom ain becomes
AXd = Kr ^R  + K f AP 15 -1 1 )
The s t e a d y  s t a t e  g a in s  w hich a r e  d e f in e d  a s
. X d ( t -*•<>=>) -  Xd ( 5 _ t2 )
r R(t-*oo) - R
Xd( t  ) -  Xd
K = ---------------- -- ( 5 -1 5 )
F( t  -> o^) -  F
w ere  o b ta in e d  from  th e  s te p , r e s p o n s e  t e s t s  w here  .the  
p r o c e s s  was a l lo w e d  to  r u n  from an i n i t i a l  s t e a d y  
s t a t e  c o n d i t i o n  to  some new s te a d y  s t a t e .  The 
t e s t s  w ere  made one a t  a  t im e  and th e  s t e a d y  s t a t e
g a i n s  c o r r e s p o n d in g  to  each  d i s t u r b a n c e  w ere
c a l c u l a t e d  and shown i n  T ab le  5 -4  and F ig u re  5-33 
and F ig u re  5 -3 4 .
As can  b e  s e e n  from F ig u re  5-33 and F ig u re  5-34 
th e  s t e a d y  s t a t e  g a in s  a r e  a p p ro x im a te ly  d i r e c t l y  
p r o p o r t i o n a l  to  t h e  m ag n itu d e  o f  th e  d i s t u r b a n c e .
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TaDle 5-4  S te a d y  S t a t e  G ains f o r  Peed R a te  and R e f lu x  
R a te  D is tu r b a n c e s
Flow R a te ,  M o le s /h r . G ainX  10
R
7 2 0 .0 -1 .4 3 9 0 8
6 9 0 .0 -1 .6 2 8 0 0
660 .0 -1 .8 4 4 6 7
6 3 0 .0 - 2 .0 8 2 3 3
5 7 0 .0 -2 .5 7 0 6 6
540 .0 -2 .7 9 7 6 7
5 1 0 .0 -3 .0 0 5 2 2
4 8 0 .0 -3 .1 9 2 8 3
1001.25 -1 .8 5 5 0 3
9 6 1 .2 0 -2 .1 9 8 5 0
9 2 1 .1 5 -2 .6 7 2 9 9
8 8 1 .1 0 -3 .3 1 9 2 3
841 .05 -4 .0 8 2 4 2
760 .95 -5 .1 9 4 9 9
72 0 .9 0 -5 .4 6 0 1 6
6 4 0 .8 0 -6 .3 4 5 6 8
5 .2
o
03
CD-P
03
I
600400 500 700 800
Feed r a t e ,  m o le s /h o u r
F ig u re  5 -3 3  S te a d y  s t a t e  g a i n  f o r  f e e d  
r a t e  changes
6 . 0
5 .0
o
0)
a)-pco
aSo-p
CO
1000600 800700
R e f lu x  r a t e ,  m o le s /h o u r
F ig u r e  5-34  S te a d y  s t a t e  g a in  f o r  r e f l u x  
r a t e  changes
1 0 4
The s te a d y  s t a t e  g a in s  w ere  f i t  t o  a  l i n e a r  
e q u a t io n  by a  l e a s t - s q u a r e  m ethod and th e  f o l lo w in g  
e q u a t io n  was o b ta in e d .
A Xd = ( -2 .3 2 0 1  X 10“ 4 + 7 .5 2 2 8  X l O ” 7 A p ) A p
+ ( - 4 .4 1 7 9  X 10“ 4 + 1 .3152  X 10"6^ K ) ^ R
( 5 - 1 4 )
S in c e  t h e  p r o d u c t  c o m p o s i t io n  h a s  to  he  m a in ta in e d  
unchanged  o r  A X d h a s  t o  h e  Icept z e r o ,  t h e  c o r r e c t i v e  
amount o f  m a n ip u la te d  v a r i a b l e  f o r  s t e a d y  s t a t e  
f e e d fo rw a rd  c o n t r o l  ca n  h e  o b ta in e d  from  E q u a t io n  5-14 
b y  s e t t i n g  t h e  l e f t  hand  s i d e  e q u a l  to  z e r o .
( -2 .3 2 0 1  X 10“ 4 + 7 .5 2 2 8  X 10"7<iP)
A  R   -----------------------------------------------------  4 P
( - 4 . 4 1 7 9  X 1 0 " 4  +  1 . 3 1 5 2  X 1 0 - 6  2S.r )
(5-15)
T a b le  5-5 shows s e v e r a l  v a l u e s  o f  c o r r e c t i v e  
r e f l u x  f lo w  r a t e s  c a l c u l a t e d  from  E q u a t io n  5 -15  and 
t h e i r  s t e a d y  s t a t e  e r r o r s .  I t  was found  t h a t  E q u a t io n  
5-15  was v a l i d  o n ly  f o r  a  c e r t a i n  n a r ro w  r a n g e  o f  
d i s t u r b a n c e s  s i n c e  th e  s t e a d y  s t a t e  e r r o r s  became 
l a r g e r  a s  t h e  d i s t u r b a n c e s  g rew . T h is  i n d i c a t e d  t h a t  
t h e r e  iB a  s t r o n g  i n t e r a c t i o n  b e tw e en  r e f l u x  r a t e  and 
f e e d  r a t e .  An i n t e r a c t i o n  te rm  i s  th u s  c o n s id e r e d  to  
b e  n e c e s s a r y  i n  o r d e r  to  o b t a i n  a  more a c c u r a t e  s te a d y
T able  5 - 5  F eed fo rw ard  C o n t ro l  w i th  S t a t i c  
R a te  D is tu rb a n c e s
W ithou t I n t e r a c t i o n  Terra
Feed Change --------------------------------------------
R e f lu x  S tead y  S t a t e
^  S e t t i n g  D e v ia t io n
+20 7 66 .10  - .0 0 7 0 9 9
+15 770 .30
+10 777 .25  - .0 0 1 9 6 9
+ 5 7 8 7 .3 0  - .0 0 0 3 4 4
-  5 819 .25
-1 0  8 4 4 .1 5  - .0 0 6 3 9 9
-1 5  8 8 1 .1 5  - .0 1 6 2 9 7
-2 0
Com pensation f o r  Feed 
W ith I n t e r a c t i o n  Term
R e f lu x
S e t t i n g
748 .15  
759 .25  
771 .90  
785.80 
816 .65
832 .15  
84 7 .5 0  
862 .70
S tead y  S t a t e  
D e v ia t io n
- .0 0 0 6 1 7
+.000007
+.000306
+.000335
- .0 0 0 3 5 2
- .0 0 0 4 3 5
-.000240
+ .0 0 0 2 4 6
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s t a t e  m odel. A s im p le  m o d i f i c a t i o n  o f  E q u a tio n  5-15 
w i th  i n t e r a c t i o n  te rm  i s
0 = K AH + K , A F  + K - . A F A R  ( 5 - 1 6 )r  f  i r
The s t e a d y  s t a t e  c o n d i t i o n s  a r e  o b ta in e d  from  a 
s t e a d y  s t a t e  program  f o r  each  c o m b in a t io n  o f  t h e  f e e d  
r a t e  and r e f l u x  r a t e  d i s t u r b a n c e .  S in c e  an i n c r e a s e  
o f  f e e d  r e q u i r e s  a  d e c r e a s e  o f  r e f l u x  to  com pensa te  
th e  d e v i a t i o n  o f  c o m p o s i t io n ,  t h e  f e e d  and r e f l u x  
d i s t u r b a n c e s  w ere p u r p o s e ly  d e s ig n e d  i n  t h e  o p p o s i t e  
d i r e c t i o n s .  K^r ' s  w ere c a l c u l a t e d  from E q u a t io n  5 -16  
and a r e  shown i n  T a b le  5 - 6  . A verage v a l u e s  w ere  ta k e n  
f ° r  a s
K fr  = 1 .5788  X 10” ^ m o le s /h r . /m o l e  f r a c t i o n
(F o r  i n c r e a s e  o f  f e e d  r a t e )
Kf r  = 2 .2151 X 1CT6 m o le s /h r . /m o l e  f r a c t i o n
(F o r  d e c r e a s e  o f  f e e d  r a t e )
The c o r r e c t i v e  r e f l u x  f lo w  r a t e  by  a p p ly in g  
E q u a t io n  5-16  and  t h e i r  c o r r e s p o n d in g  s te a d y  s t a t e  e r  
e r r o r s  w ere shown i n  column 3 and  4 o f  T a b le  5-5* 
S u b s t a n t i a l  im provem ent was o b t a in e d .
The above s tu d y  o f  d e v e lo p in g  an  e m p i r i c a l  s t e a d y  
s t a t e  f e e d fo rw a rd  c o n t r o l  m odel d e m o n s t r a te s  t h e  h ig h  
n o n l i n e a r i t y  o f  t h e  d i s t i l l a t i o n  p r o c e s s .  I t  r e q u i r e s  
a  g r e a t  d e a l  o f  e x p e r im e n ta l  e f f o r t  to  d e r iv e  a  u s e f u l
107
T able  5-6  D e te rm in a t io n  o f  I n t e r a c t i o n  C o e f f i c i e n t ,  X.f r .
Peed
m oleB /hr.
690
690
660
660
630
R e f lu x  R a te  
m o le /h r .
7 6 0 .9 5  
680 .85
7 2 0 .9 0
7 60 .95
7 2 0 .9 0
K:f r  X 10 A verage Kf r X10'
.15833 
.18193  
.15746 
.14153  
.15166
.15788
570
540
540
510
510
8 8 1 .1 0  
8 8 1 .1 0
84 1 .0 5
8 4 1 .0 5  
921 .15
. 2 1 3 1 6
.22544
.24768
.22445
.19681
.22151
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m o d e l. The above  s t e a d y  s t a t e  m odel I s  v a l i d  o n ly  f o r
f e e d  r a t e  d i s t u r b a n c e s .  The p rob lem  o f  d e v e lo p in g  a  model
f o r  f e e d  c o m p o s i t io n  ch a n g es  and f o r  c o m b in a t io n s  o f  
f e e d  r a t e  and f e e d  c o m p o s i t io n  c h a n g e s  would be
much more c o m p l ic a te d  b e c a u s e  t h e  f e e d  c o m p o s i t io n  can
b e  v a r i e d  i n  num erous ways i n  p a t t e r n  f o r  m u lt ic o m p o n e n t
s y s te m s .  No e f f o r t  was made to  d e v e lo p  t h i s  k in d  o f
m odel .
l i ) .  f e e d fo rw a rd  C o n t ro l  w i th  Dynamic C om pensa tion  (
FFCD)
The dynam ic co m p e n sa tio n  o f  f e e d fo r w a rd  c o n t r o l  
need  n o t  b e  a s  a c c u r a t e  a s  s t a t i c  c o m p e n sa t io n .  F o r  th e  
s i m p l e s t  c a s e ,  a  f i r s t  o r d e r  l a g  was assum ed f o r  a l l  
dynam ic com ponents o f  th e  p r o c e s s .
The f e e d fo rw a rd  c o n t r o l  m odel w i th  dynamic 
co m p e n sa t io n  becom es
K_ Kf
0 = ------- — A R  + ----- -— A F  + K _ p _  A  F A  R ( 5 -1 7 )
1+7rP 1+TfP
w here p i s  th e  d i f f e r e n t i a l  o p e r a t o r
The t im e  c o n s t a n t s  f o r  ea ch  ty p e  o f  d i s t u r b a n c e s  
w ere  found  from  th e  n o rm a l iz e d  r e s p o n s e  c u r v e s .
A verage  v a l u e s  w ere  th e n  t a k e n  and  a r e  shown i n  T ab le  
5 -7 .
F ig u re  5 -3 5  shows t h e  c o n t r o l  p e r fo rm a n c e  o f  t h i s  
f e e d fo rw a rd  c o n t r o l  u t i l i z i n g  E q u a t io n  5 -17  a lo n g  
w i th  co m p ariso n  o f  fe e d b a c k  c o m p o s i t io n  c o n t r o l .  I t
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T able
F
5-7  Time C o n s ta n ts  o f  S tep  R esponse  C urves 
A pproxim ated  by F i r s t  O rd e r  Lag
S te p  Change (%) "T f h r .
+25 0 .189
+15 0 .2 1 4
+ 5 0 .2 5 8
-  5 0 .249
-1 5  0 .2 4 3
-2 0  0 .192
+25  0 . 1 1 1
+15 0 .1 3 7
+ 5 0 . 1 7 8
- 5  0 .1 8 8
-1 5  0 .1 7 8
- 2 5  0 . 1 6 8
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045
Open lo o p  
FBCC
a .044
FFCD042
iH
FFCS
3  -040
Time, hour
F ig u re  5 -3 5 a  F eed fo rw ard  c o n t r o l  f o r  f e e d  r a t e  
s t e p  .change - 1 5%
FFCS
045
rH
.044 FFCD
043
FBCC
Open lo o p
042
041
. 6 1 . 21 . 0.8.4. 20
Time, h o u r
F ig u r e  5 -3 5 b  F e e d fo r w a rd  c o n t r o l  for- f e e d  r a t e
s t e p  c h a n g e  +15%
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was found  t h a t  s im p le  f i r s t  o r d e r  l e a d - l a g  dynamic 
c o m p en sa tio n  c o u ld  im prove  th e  fe e d fo rw a rd  c o n t r o l  
s u b s t a n t i a l l y  b u t  i t  a p p e a re d  to  b e  much p o o p e r  th a n  
fe e d b a c k  c o m p o s i t io n  c o n t r o l  w i th  i n s t a n t a n e o u s  
s t r e a m  a n a l y z e r s .  N ote t h a t  f o r  t h e  t e n - t r a y  column 
ch o se n  i n  t h i s  s tu d y  th e  system  r e s p o n s e  to  r e f l u x  
r a t e  i s  q u i t e  f a s t .  T here  e x i s t s  e s s e n t i a l l y  no 
t im e  d e la y  i n  th e  r e s p o n s e s  o f  th e  c o n t r o l  v a r i a b l e ,  
to  a  w ide r a n g e  o f  changes  o f  r e f l u x  r a t e .
For a  l a r g e r  column w i th  much s lo w e r  r e s p o n s e  and 
t im e  d e la y  th e  s u p e r i o r i t y  o f  f e e d b a c k  c o m p o s i t io n  
c o n t r o l  ( w i th  i n s t a n t a n e o u s  s t r e a m  a n a l y z e r s )  o v e r  
f e e d fo rw a rd  c o n t r o l  w ould be d o u b t f u l .
F eed fo rw a rd  c o n t r o l  w i th  h i g h e r  o r d e r  dynamic 
c o m p en sa tio n  sh o u ld  p r o v id e  b e t t e r  c o n t r o l  
p e r fo rm a n c e  th a n  t h a t  w i th  f i r s t  o r d e r .  I t  may be  
o f  i n t e r e s t  to  i n v e s t i g a t e  th e  e f f e c t i v e n e s s  o f  
f e e d fo rw a rd  c o n t r o l  w i th  a  h ig h e r  o r d e r  o f  dynamic 
c o m p e n sa tio n .
Combined F eed fo rw a rd  and Feedback C om position  C o n t ro l  
F eed fo rw ard  c o n t r o l  i s  r a r e l y  u s e d  in d e p e n d e n t ly  
b e c a u s e  th e  a p p ro x im a te d  model and  th e  u n e x p e c te d  
d i s t u r b a n c e s  a lm o s t  a lw ay s  r e s u l t  i n  s te a d y  s t a t e  
e r r o r s .  I n  p r a c t i c a l  a p p l i c a t i o n s ,  f e e d fo rw a rd  
c o n t r o l  i s  u s u a l l y  im plem en ted  a lo n g  w i th  f e e d b a c k
1 12
c o n t r o l .
A f e e d fo rw a rd  c o n t r o l l e r  w i th  f i r s t  o r d e r  
l e a d - l a g  dynamic c o m p en sa tio n  was tu n ed  f i r s t  "by a 
p a t t e r n  s e a r c h  ( 74 )  t e c h n iq u e  u s i n g  th e  c r i t e r i a  o f  
ITAE. The tu n in g  p a r a m e te r s  w hich a r e  th e  f i r s t  
o r d e r  l a g  tim e c o n s t a n t s  w ere found  to  be
-  0 .1 7  h o u r  s 
= 0 . 1 2  h o u r svr
The tu n ed  f e e d fo rw a rd  c o n t r o l l e r  was th e n  
com bined w ith  a  f e e d b a c k  c o m p o s i t io n  c o n t r o l l e r  to  
c o n t r o l  to p  p r o d u c t  c o m p o s i t io n  when th e  column was 
s u b j e c t  to  a  f e e d  r a t e  s t e p  change o f  + 15% •
F ig u re  5 -56  i s  t h e  s c h e m a t ic  d iag ram  o f  a  
com bined fe e d fo rw a rd  and fe e d b a c k  c o m p o s i t io n  c o n t r o l  
o f  a  d i s t i l l a t i o n  colum n. F ig u r e  5-57 shows th e  
r e s p o n s e s  o f  to p  p r o d u c t  c o m p o s i t io n  o f  t h e  combined 
f e e d b a c k  and f e e d fo rw a rd  c o n t r o l  a lo n g  w ith  
co m p ar iso n s  o f  f e e d b a c k  c o m p o s i t io n  and f e e d fo rw a rd  
c o n t r o l  f o r  f e e d  r a t e  d i s t u r b a n c e  . The p e r fo rm a n ce  
o f  t h e  combined f e e d fo rw a rd  and fee d b a c k  c o m p o s i t io n  
c o n t r o l  was found  t o  b e  w orse  th a n  fe e d b a ck  
c o m p o s i t io n  c o n t r o l  a l o n e .  T h is  i s  n o t  s u r p r i s i n g  
b e c a u s e  th e  f e e d fo r w a rd  c o n t r o l  i s  much p o o r e r  th a n  
fe e d b a c k  c o m p o s i t io n  c o n t r o l .  The f e e d fo rw a rd  c o n t r o l  
a c t i o n  te n d s  to  o v e r  a d j u s t  t h e  n e c e s s a r y  am ount o f  
r e f l u x  r a t e  i n i t i a l l y  and h en c e  i n c r e a s e  t h e
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SUMMER ------------!
F ,  Xf
F F C
F i g u r e  5 -3 6  S c h e m a t ic  d ia g ra m  o f  com bined
f e e d f o r w a r d  and  fe e d b a c k  c o m p o s i t i o n  
c o n t r o l
m
ol
e 
fr
ac
ti
o
n
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FFCD (
.0437
T f  =
.0433
FFCD + FBCC
.0427
.0425
. 2 0. 1 0 .15050
Time, h o u r
F ig u r e  5 - 3 7  C o n tr o l  o f   ^ f o r  f e e d  r a t e
s t e p  c h a n g e  +15%
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th e  o s c i l l a t i o n  o f  th e  r e s p o n s e  and th e  s e t t l i n g  
t im e .
The a d d i t i o n  o f  fe e d fo rw a rd  c o n t r o l  a c t i o n  w ith  
more c o m p lic a te d  h ig h e r  o r d e r  dynamic com pensa tion  
to  feedback  c o m p o s it io n  c o n t r o l  m ig h t be ad v an tag eo u s  
and sh o u ld  b e a r  f u r t h e r  i n v e s t i g a t i o n .  Note t h a t  
t h e  feedback  co m p o s it io n  c o n t r o l  employed h e re  
assumed th e  a v a i l a b i l i t y  o f  in s t a n t a n e o u s  co m p o s it io n  
m easurem ent. Whenever th e  sam p lin g  p e r io d  i s  lo n g  
enough o r  a  c o n s id e r a b le  amount o f  t im e  i s  r e q u i r e d  
f o r  a  com ple te  a n a l y s i s ,  th e  c a p a b i l i t y  o f  combined 
fe e d fo rw a rd  and feed b ack  co m p o s it io n  c o n t r o l  m ig h t 
be  w e l l  j u s t i f i e d .
CHAPTER VI CONTROL OP BOTH END PRODUCTS
O fte n  L o th  end p r o d u c t s  o f  a  d i s t i l l a t i o n  column 
a r e  e q u a l l y  I m p o r ta n t  and sh o u ld  b e  c o n t r o l l e d  i n  
o r d e r  to  p r e v e n t  p r o d u c t  c o m p o s i t io n  f l u c t u a t i o n s  w hich  
w i l l  u p s e t  s u b s e q u e n t  p r o c e s s  u n i t s .  When b o th  end 
p r o d u c t s  a r e  s u b j e c t  to  c o n t r o l ,  a  w e l l  known 
i n t e r a c t i o n  p roblem  o c c u r s .  As i n d i c a t e d  by  L u y b en (4 0 )  
th e  i n t e r a c t i o n  p rob lem  h a s  b ee n  r o u t i n e l y  s o lv e d  i n  
i n d u s t r y  by o v e r  d e s ig n in g  th e  column w i th  more t r a y s  
r e q u i r e d  th a n  f o r  no rm al o p e r a t i o n ,  by r u n n in g  th e  
column a t  h i g h e r  r e f l u x  r a t i o s ^  and  by u s e  o f  l a r g e  
f e e d  t a n k s  to  a t t e n u a t e  f e e d  d i s t u r b a n c e s .
R e l a t i v e l y  l i t t l e  work h a s  b e e n  done w i th  t h e  
d e s ig n  o f  n o n - i n t e r a c t i n g  c o n t r o l  s y s te m s .  Luyben ( 4 0 )
d e s ig n e d  two ty p e s  o f  d e c o u p l in g  e le m e n ts  i n  t h e  
f re q u e n c y  dom ain from  a  l i n e a r  m odel o f  t h e  colum n, 
and v e r i f i e d  t h e  d e s ig n  b y  d i g i t a l  s i m u l a t i o n  o f  a  
n o n l i n e a r  column m ode l,
L iu  ( 3 2 )  d e v e lo p e d  a  t e c h n iq u e  f o r  t h e  d e s ig n  o f  
n o n i n t e r a c t i n g  c o n t r o l  sy s te m s  w h ich  c o u ld  b e  a p p l i e d  
to  n o n l i n e a r  sy s te m s  w i th  c o n s t r a i n t  c o n d i t i o n s  on 
t h e  c o n t r o l  v a r i a b l e s  u s i n g  a  s t a t e  v a r i a b l e  a p p ro a c h .  
The t e c h n iq u e  r e q u i r e s  a  c o m p le te  dynam ic m odel o f  
t h e  sy s tem  and an  o n - l i n e  d i g i t a l  co m p u te r .  R ic h  and
1 1 7
Law ( 56 ) e x te n d e d  L i u ' s  m ethod  and  p r e s e n t e d  a
" d i r e c t  f o r c i n g  c o n t r o l "  t e c h n i q u e  w h ich  waB c a p a b le  
o f  c o n t r o l l i n g  s y s te m s  w i th  n o n l i n e a r i t i e s ,  h ig h  o r d e r  
d y n a m ic s ,  i n p u t  c o n s t r a i n t s  an d  c e r t a i n  t y p e s  o f  t im e  
d e l a y s .  A g a in  a  c o m p le te  m a th e m a t i c a l  m odel i s  r e q u i r e d  
to  d e v e lo p  t h e  c o n t r o l  a l g o r i t h m .
The r e s p o n s e s  o f  e a c h  p r o d u c t  c o m p o s i t i o n  a t  o ne  
end o f  t h e  co lum n t o  t h e  m a n i p u l a t e d  v a r i a b l e  a t  t h e  
o p p o s i t e  end o f  t h e  co lum n a r e  shown i n  F i g u r e s  6-1 
to  6- 4 . I t  w as fo u n d  t h a t  t h e  n o r m a l i z e d  r e s p o n s e  
p a t t e r n s  w e re  s i m i l a r 1 f o r  d e c r e a s e s  i n  t h e  r e f l u x  r a t e  
and  r e b o i l e r  h e a t  b u t  w e re  q u i t e  d i f f e r e n t  f o r  th e  c a s e  
w h ere  r e f l u x  r a t e  an d  r e b o i l e r  h e a t  i n c r e a s e d .  The 
phenom enon w as e s p e c i a l l y  n o t e d  f o r  t h e  t h i r t y - t r a y  
co lum n w h ere  a  s h a r p  s e p a r a t i o n  i s  r e q u i r e d  aB shown 
i n  F i g u r e  6 - 5  and  F i g u r e  6 -6 .
F i g u r e  6 -7  show s t h e  i n t e r a c t i o n  p ro b le m  o f  t h e  
o p t i m a l  f e e d b a c k  c o m p o s i t i o n  c o n t r o l l e r s  w h e re  each  
c o n t r o l l e r  w as tu n e d  I n d e p e n d e n t l y .  P r o p o r t i o n a l  
g a i n  a n d  r e s e t  t im e  f o r  e a c h  c o n t r o l l e r  w e re  fo u n d  i n  
C h a p te r  V a s
F o r  c o n t r o l  o f  to p  p r o d u c t s
K = 1 .8 8  X 105 m o l e s / h r . / m o l e  f r a c t i o n
I  = .0 0 3 3 2  h o u r  s
X 
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F ig u r e  6 -1  S t e p  r e s p o n s e s  o f  Xw^ f o r  r e f l u x  r a t e
d i s t u r b a n c e s
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F ig u r e  6 - 2  S te p  r e s p o n s e s  o f  Xd^ f o r  r e b o i l e r  h e a t
d i s t u r b a n c e s
^1.00 o.io 0.20 0 .3 0 q a q o’.sa o', so 
T I M E  t  H O U R 1
0 .7 0 a . bo 0 .90
F igu re 6 -3  N orm alized s te p  r e sp o n se s  o f  Xw, fo r  r e f lu x  r a te
o
d is tu r b a n ce s
)+25
o
o .w
T i n e  < h o u r  i
0 .7 00 .5 00.10 o.co 0 .6 0 0.00 0 .9 0 I. 00
t H O U R
F igu re 6 -4  N orm alised s te p  r e sp o n se s  o f  Xd  ^ f o r  r e b o i le r  h ea t d istu rb a n ces
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0 .8
0 . 6
x
0 .4
0 . 2
0 . 6 1 . 00.80 . 2 0 .40
Time, hour
F ig u re  6-5 N orm alized  s t e p  r e s p o n s e s  o f  Xw  ^ f o r
r e f l u x  r a t e  d i s t u r b a n c e s  ( 50- t r a y  column)
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4-10
0 . 6
0 .4
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0 0 . 2 0 .4 0.6 0.8 1 . 0
Time, h o u r
F ig u re  6 -6  N orm alized  s t e p  r e s p o n s e s  o f  Xd^ f o r
r e h o i l e r  h e a t  d i s t u r b a n c e s  ( 3 0 - t r a y  column)
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. 0 4 9 8
u .0492
.0489
X  .0486
.06 . 12. 1 0.08. 0 20 .04
Time, h o u r
F igu re 6-7a  Feedback co m p o sit io n  c o n tr o l  o f  Xw^  and 
Y  ^  ^ fo r  f e e d  r a t e  s t e p  change +1596 ( 
resp o n se  o f  Xw^)
5 .047
.041
. 10.0 6 .08 . 12.0 4. 0 20
Time, hour
F i g u r e  6 - 7 b  Feedback c o m p o s i t i o n  c o n t r o l  o f  Xw  ^ and
Y  ^  ^ f o r  f e e d  r a t e  s t e p  c h a n g e  *15?6 (
r e s p o n s e  o f  Y^ 1 )
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F o r  c o n t r o l  o f  b o t to m  p r o d u c t :
K = 8 .7 6 8  X 10^ m o l e s / h r . / m o l e  f r a c t i o n
I  = .0 2 6 2 8  h o u r s
As i t  c a n  b e  s e e n  i n  F i g u r e  6 -7  , t h e  
o s c i l l a t i o n s  o f  t h e  r e s p o n s e s  a r e  s m a l l  a t  t h e  i n i t i a l  
p e r i o d  and  becom e l a r g e r  and  l a r g e r  a s  t h e  t im e  
i n c r e a s e s .  A f t e r  a  c e r t a i n  t im e  t h e  m a g n i tu d e  o f  t h e  
o s c i l l a t i o n s  r e m a in s  a b o u t  t h e  sam e. T h is  i s  due to  
t h e  u p p e r  l i m i t  o f  t h e  m a n ip u la t e d  v a r i a b l e  b e i n g  
r e a c h e d .  When t h e  maximum r e f l u x  r a t e  i s  n o t  c o n s t r a i n e d  
a t  3096 o f  n o rm a l ,  t h e  o s c i l l a t i o n  becom es l a r g e r  and  
t h e  r e s p o n s e  a p p e a r s  much w o rs e .  I t  i s  t h u s  n e c e s s a r y  
t o  tu n e  t h e  f e e d b a c k  c o m p o s i t i o n  c o n t r o l l e r  s i m u l t a n e o u s l y .  
P a t t e r n  s e a r c h  w as u s e d  t o  tu n e  t h e  p a r a m e t e r s  o f  t h e  
f e e d b a c k  c o n t r o l l e r s  u s i n g  a  t u n n i n g  c r i t e r i o n  o f  t h e  
form
w h ere  e^  and  e^ a r e  t h e  d e v i a t i o n s  o f  t h e  t o p  an d
b o tto m  p r o d u c t  c o m p o s i t i o n  from  t h e i r  s t e a d y  s t a t e  
v a l u e s  r e s p e c t i v e l y .  The v a l u e s  o f  t h e  tu n e d  
p a r a m e t e r s  d e t e r m in e d  w e re :
F o r  c o n t r o l  o f  t o p  p r o d u c t
K = 2 .0 4  X 10^ m o l e s / h r . / m o l e  f r a c t i o n  
X = .00362  h o u r s
ITAE ( 6- 1 )
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F o r  c o n t r o l  o f  b o t to m  p r o d u c t
1 oK -  3 .3 6 8  X 10 m o l e s / h r . / m o l e  f r a c t i o n
X = .0 0 8 1 8  h o u r s
The r e s p o n s e s  o f  t h i s  o p t i m a l l y  tu n e d  c o n t r o l l e r  
a r e  shown b y  t h e  d a s h  l i n e  i n  F i g u r e  6 - 8 .  D ra B t ic  
im p ro v e m en t was o b t a i n e d .
S in c e  i n  p r a c t i c a l  s i t u a t i o n s  t h e  d i s t u r b a n c e s  
a r e  g e n e r a l l y  c o n t i n u o u s ,  i t  iB  p r e f e r a b l e  to  
i n v e s t i g a t e  t h e  c o n t r o l  p e r f o r m a n c e  when t h e  s y s te m  
i s  s u b j e c t  to  c o n t in u o u s  f e e d  d i s t u r b a n c e s .
F i g u r e  6 -9  an d  F ig u r e  6-10 show t h e  r e s p o n s e  o f  
t o p  and  b o t to m  p r o d u c t  c o m p o s i t i o n s  t o  a c o n t in u o u s  
f e e d  r a t e  d i s t u r b a n c e  d e s c r i b e d  i n  C h a p te r  V. I t  was 
fo u n d  t h a t  t h e  o p t i m a l  f e e d b a c k  c o m p o s i t i o n  c o n t r o l l e r  
g a v e  an  o s c i l l a t o r y  r e s p o n s e  f o r  c o n t i n u o u s  f e e d  r a t e  
d i s t u r b a n c e s  d e s p i t e  i t s  good  p e r fo rm a n c e  w i t h  s t e p  
d i s t u r b a n c e s  i n  f e e d  r a t e .  T h is  i s  n o t  s u r p r i s i n g  
s i n c e  t h e  s y s te m  w as tu n e d  f o r  a  s t e p  d i s t u r b a n c e .
F i g u r e  6 -11  and  6-12 w e re  d e s i g n a t e d  f o r  a  
c o m b in a t io n  o f  s t e p  change  i n  f e e d  c o m p o s i t i o n  and  
c o n t i n u o u s  f e e d  r a t e  c h a n g e .  The o s c i l l a t i o n  becom es 
much m ore s e r i o u s  e s p e c i a l l y  f o r  t h e  c a s e  o f  t o p  p r o d u c t  
c o m p o s i t i o n  a s  shown in, F i g u r e  6 - 1 1.
The c o n t r o l  p e r f o r m a n c e s  o f  t h e  t e r m i n a l  f o r c i n g
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F ig u re  6 -8 a  Feedback, c o m p o s i t io n  c o n t r o l  o f  Xw^ a
and Y. . f o r  f e e d  r a t e  s t e p  change +1596 
4 , 1
( r e s p o n s e s  o f  Xw^)
.047 O ptim al FBCC
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F ig u re  6-8b  Feedback c o m p o s i t io n  c o n t r o l  o f  Xw  ^ and 
Y^  ^ f o r  f e e d  r a t e  s t e p  change +1596 ( 
r e s p o n s e s  o f  Y^
D is tu rb a n c e s  : Gont. F04300
04290
04280
.04270 -
04260
.5. 3 42.10
Time, hour
F ig u re  6-9  Feedback c o m p o s it io n  c o n t r o l  o f   ^ and 
Xw  ^ f o r  c o n t in u o u s  fe e d  r a t e  change ( 
r e s p o n s e s  o f 'Y ^  ^
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D is tu rb a n c e s  : Cont. F.0 4 9 3 0 -
.0 4 9 2 0 -
049 0 5 -
04895-
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Time, hour
F ig u re  6-10 Feedback c o m p o s it io n  c o n t r o l  o f   ^ and 
Xwj f o r  c o n t in u o u s  fe e d  r a t e  change ( 
r e s p o n s e s  o f  Xw^)
. 0 4 3 3 0
.04320
D is tu r b a n c e s :  Cont. F & Xfl
.04310
.04300 “
.04290
.04280
04270 -
,04260  -
,04250  -
0 .1 .2 .3
T im e ,  h ou r
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F ig u re  6-11 Feedback co m p o s it io n  c o n t r o l  o f   ^ and 
Xw  ^ f o r  c o n t in u o u s  fe e d  r a t e  change and 
s t e p  change i n  f e e d  co m p o s it io n
. 04335
.04895 -
04890
D is tu rb a n c e s  : Cont. F & X fl
.1 .2 .3
Time, h ou r
.4 .5
F ig u re  6-12 Feedback co m p o s it io n  c o n t r o l  o f  Y. and 
Xw, f o r  c o n t in u o u s  f e e d  r a t e  changfe and 
s t e p  change i n  f e e d  c o m p o s it io n
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c o n t r o l  w i t h o u t  v l a v e  d ynam ics  f o r  t h e  same k in d  o f  
d i s t u r b a n c e s  w ere  a l s o  t e s t e d .  I t  was fo u n d  t h a t  f o r  
t h e  c a s e  o f  i n c r e a s e  o f  r e f l u x  r a t e  t h e r e  i s  an  
i n t e r a c t i o n  b e tw e e n  t h e  two m a n ip u la te d  v a r i a b l e s ,
i . e . ,  r e f l u x  r a t e  and r e b o i l e r  h e a t .  T h is  i s  c o n s i d e r e d  
t o  b e  due to  t h e  d i f f e r e n t  e f f e c t  o f  e a c h  m a n ip u la te d  
v a r i a b l e  on  t h e  p r o d u c t  c o m p o s i t io n  a t  t h e  o p p o s i t e  
end o f  t h e  colum n a s  shown i n  F ig u r e s  6 -3  and  6 - 4 .
The d i f f e r e n c e  becom es more e v i d e n t  f o r  t h e  t h i r t y -  
t r a y  column a s  can  be  s e e n  i n  F ig u r e s  6 -5  and 6 - 6 .  F o r  
t h e  c a s e  o f  a  d e c r e a s e  o f  r e f l u x  r a t e  t h e  i n t e r a c t i o n  
iB a p p r e c i a b l e .  D e s p i t e  t h e  i n t e r a c t i o n  o c c u r r i n g  
b e tw e e n  th e  two m a n ip u la te d  v a r i a b l e s ,  b o t h  end p r o d u c t  
c o m p o s i t io n s  may s t i l l  b e  c o n t r o l l e d  p e r f e c t l y  p r o v id e d  
t h e  r e f l u x  r a t e  b e  a l lo w e d  t o  b e  o p e r a t e d  a t  a  maximum 
o f  a b o u t  f o r t y  p e r c e n t  above i t s  n o rm a l v a l u e .  The 
d u r a t i o n  o f  t h e  maximum r e f l u x  r a t e  u s i n g  t e r m i n a l  
f o r c i n g  c o n t r o l l e r  was so s h o r t  t h a t  t h e  o c c u r r e n c e  o f  
f l o o d i n g  w ould  b e  u n l i k e l y .  F o r  a  maximum r e f l u x  
r a t e  c o n s t r a i n e d  to  t h i r t y  p e r c e n t  o f  n o rm a l th e  
r e s p o n s e * r e s u l t e d  i n  o c c a s i o n a l  s m a l l  r i p p l e s .
W ith  t h e  c o n s i d e r a t i o n  o f  v a l v e  d y n am ics ,  t h e  same 
l e a d  c o m p e n sa to rs  d e s c r i b e d  i n  C h a p te r  V w ere  u s e d  f o r  
c o m p e n s a t in g  l a g  a c t i o n s  o f  r e f l u x  r a t e  and  r e b o i l e r  
due to  v a l v e  r e s p o n s e .  I t  w as fou n d  t h a t  f o r  r a p i d
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c h a n g e s  i n  t h e  m a g n i tu d e  o f  t h e  d i s t u r b a n c e  t h e  s y s te m  
t e n d s  to  o s c i l l a t e .  T h is  i s  c o n s i d e r e d  t o  h e  d ue  to  
t h e  l e a d  a c t i o n  b e i n g  to o  f a B t .  An a l t e r n a t i v e  
a p p r o x im a te d  l e a d  c o m p e n s a to r  o f  t h e  fo rm
(mB) t  = +-r((mc ) t  -  (6*2)
was i n v e s t i g a t e d .  I t  was fo u n d  t h a t  t h i s  t y p e  o f  
c o m p e n s a to r  i s  m ore a d e q u a te  f o r  c o n t r o l l i n g  two 
p r o d u c t s .  The r e s p o n s e s  o f  t h e  t e r m i n a l  f o r c i n g  
c o n t r o l l e r  w i th  a  l e a d  c o m p e n s a to r  d e s c r i b e d  by  
E q u a t io n  6 -2  a r e  shown i n  F i g u r e s  6 -1 3  t o  6 - 1 6 .  The 
r e s p o n s e s  w ere  fo u n d  s t a b l e .  A l th o u g h  t h e r e  w e re  s m a l l  
o s c i l l a t i o n s , t h e  o v e r a l l  p e r f o rm a n c e  o f  t h e  t e r m i n a l  
f o r c i n g  c o n t r o l  was s u p e r i o r  t o  t h e  o p t i m a l  f e e d b a c k  
c o m p o s i t i o n  c o n t r o l l e r .
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CHAPTER VII  CONCLUSIONS
A d e t a i l e d  dynamic m a th e m a t ic a l  model w hich  
i n c l u d e s  th e  t r a y  h y d r a u l i c s ,  n o n - l i n e a r  e q u i l i b r iu m  
and en e rg y  e f f e c t  was d e v e lo p e d  f o r  p r o c e s s  dynam ics 
and c o n t r o l  s t u d i e s  o f  m u lt ic o m p o n e n t  d i s t i l l a t i o n  
co lum ns. I n s t e a d  o f  u s i n g  an i t e r a t i o n  t e c h n iq u e  , 
t h e  v a p o r  f lo w  r a t e s  th ro u g h o u t  t h e  column w ere  s o lv e d  
e x p l i c i t l y  by d i r e c t  t r a y - t o - t r a y  c a l c u l a t i o n s .  The 
s im p le  E u le r* s  m ethod w i th  doub le  p r e c i s i o n  was found  
to  b e  s a t i s f a c t o r y  f o r  i n t e g r a t i o n  o f  t h e  d i f f e r e n t i a l  
e q u a t io n s  o f  th e  m odel. This model was e s p e c i a l l y  
n o te d  f o r  i t s  g r e a t  s a v in g  i n  co m p u te r  tim e  s in c e  i t  
r e q u i r e s  a b o u t  two m in u te s  to  s i m u la t e  a  r e a l  t im e  o f  
one h o u r  f o r  a  t e n - t r a y  column s e p a r a t i n g  a  f i v e  
component sy s tem  on an IBM 360/65 d i g i t a l  com puter .
T erm in a l f o r c i n g  c o n t r o l  schem es w ere th e n  
d e v e lo p e d  f o r  c o n t r o l  o f  e i t h e r  one o r  b o th  o f  th e  end 
p r o d u c t s  o f  m u lt ico m p o n e n t d i s t i l l a t i o n  co lum ns. 
I n s t e a d  o f  m o d e lin g  t h e  e n t i r e  co lum n, t h e  c o n t r o l  
a lg o r i t h m s  w ere d e r iv e d  from m a t e r i a l  and en e rg y  
b a l a n c e s  a ro u n d  th e  to p  t r a y  o f  t h e  column and  th e  
r e b o i l e r .  T h e re fo re ,  t h i s  t e c h n iq u e  e l i m i n a t e s  th e  
r e q u i r e m e n t  o f  d e v e lo p in g  an  o v e r a l l  m a th e m a t ic a l
model o r  some o v e r a l l  i n p u t - o u t p u t  r e l a t i o n s h i p s  
th ro u g h  e i t h e r  t h e o r e t i c a l  o r  e x p e r im e n ta l  s t u d i e s .  
A lso  by v i r t u e  o f  t h e  c o n s i d e r a t i o n  o f  t h e  s m a l l  
s e c t i o n s  o f  th e  column a s  c o n t r o l  sy s te m s ,  t h e  method 
may h a n d le  any p o s s i b l e  d i s t u r b a n c e .  T h is  c o u ld  
in c lu d e  a l l  p o s s i b l e  d i s t u r b a n c e s  i n  f e e d  c o n d i t i o n s  
a s  w e l l  a s  such  d i s t u r b a n c e s  a s  w e a th e r  c o n d i t i o n s  
w i th o u t  an y  a d d i t i o n a l  d i f f i c u l t y .
The c o n t r o l  c a p a b i l i t y  o f  t h e  t e r m i n a l  f o r c i n g  
c o n t r o l  d e v e lo p e d  h e r e  was t e s t e d  f o r  a  v a r i e t y  o f  
f e e d  r a t e  d i s t u r b a n c e s  and f e e d  c o m p o s i t io n  ch a n g e s .  
P e r f e c t  c o n t r o l  was a c h i e v a b le  b y  assu m in g :
1. C o n tin u o u s  sa m p lin g  i s  a v a i l a b l e  and th e  
a n a l y s i s  o f  th e  c o m p o s i t io n  i s  i n s t a n t a n e o u s .
2 .  T here  iB no t r a n s p o r t a t i o n  l a g  i n  t h e  
o p e r a t i o n  o f  th e  m a n ip u la te d  v a r i a b l e s .
The c a s e  w here t r a n s p o r t a t i o n  l a g s  e x i s t  due to  
v a lv e  r e s p o n s e  was a l s o  s t u d i e d .  N e a r ly  p e r f e c t  
c o n t r o l  was p o s s i b l e  by em ploy ing  a d e q u a te  dynamic 
co m p en sa tio n  f o r  t h e  v a l v e  l a g s .
For c o m p a r iso n ,  o th e r  c o n v e n t io n a l  c o n t r o l  
t e c h n iq u e s ,  i . e . ,  f e e d b a c k  c o n t r o l  o f  one o r  two
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p r o d u c t s ,  f e e d fo rw a rd  c o n t r o l  and  com bined fe e d b a ck  
and f e e d f o rw a rd  c o n t r o l  o f  to p  p r o d u c t  w ere a l s o  
s t u d i e d .  F o r  a  column w i th  f a s t  r e s p o n s e  and no 
t im e  d e la y  t h e  fe e d b a ck  c o m p o s i t io n  c o n t r o l l e r ,  w i th  
c o n t in u o u s ly  i n s t a n t  s a m p lin g  and a n a l y s i s ,  was 
found  to  p r o v id e  a  good c o n t r o l  t h a t  was much 
s u p e r i o r  t o  t h e  f e e d fo rw a rd  c o n t r o l  w i th  f i r s t  o r d e r  
l e a d - l a g  dynam ic c o m p e n sa tio n .  Under such  c o n d i t i o n s ,  
t h e  a d d i t i o n  o f  f e e d fo rw a rd  a c t i o n  w i th  l e a d - l a g  
c o m p en sa tio n  to  th e  f e e d b a c k  c o m p o s i t io n  c o n t r o l  
was found  to  d e g ra d e  t h e  c o n t r o l  p e r fo rm a n c e .
A s e v e r e  i n t e r a c t i o n  p rob lem  e x i s t s  when 
c o n t r o l l i n g  b o th  o f  th e  end p r o d u c t s  w i th  a  fe e d b a c k  
c o m p o s i t io n  c o n t r o l l e r .  I t  was fo u n d  t h a t  c a r e f u l  
t u n in g  t h e  p a r a m e te r s  o f  t h e  f e e d b a c k  c o n t r o l l e r s  
would im prove t h e  p e r fo rm a n c e  s u b s t a n t i a l l y .
A lth o u g h  i n t e r a c t i o n  b e tw een  c o n t r o l  l o o p s  o c c u rs  
w henever t h e  r e f l u x  r a t e  i s  i n c r e a s e d ,  w i th  t e r m i n a l  
f o r c i n g  c o n t r o l  t h e  p r o d u c t  c o m p o s i t io n  c o u ld  s t i l l  
be  c o n t r o l l e d  p e r f e c t l y  u n d e r  t h e  c o n d i t i o n s  t h a t  
t h e  a b o v e -m e n tio n e d  a s s u m p t io n s  w ere  v a l i d  and th e  
r e f l u x  r a t e  c o u ld  be  o p e r a t e d  i n  a  r a n g e  o f  a b o u t  
f o r t y  p e r  c e n t  o v e r  i t s  s t e a d y  s t a t e  v a l u e .  Even 
w i th  t h e  i n c l u s i o n  o f  v a l v e  dynam ics , t h e  i n t e r a c t i o n  
was fou n d  to  b e  much l e s s  s e v e r e  u s i n g  t e r m in a l  
f o r c i n g  c o n t r o l  th a n  w i th  th e  w e l l  tu n e d  fe e d b a ck
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c o m p o s i t io n  c o n t r o l l e r .
The t e r m i n a l  f o r c i n g  c o n t r o l  scheme r e q u i r e s  
a  d i g i t a l  com puter and more p h y s i c a l  m easurem en ts  
o f  p r o c e s s  v a r i a b l e s  i n s i d e  t h e  column and th u s ,  
r e q u i r e s  a  s p e c i a l  column i n s t r u m e n t a t i o n .  T h is  
w ould  p ro b a b ly  g iv e  r i s e  to  d i f f i c u l t i e s  i n  
im p le m e n tin g  t h i s  m ethod i n  e x i s t i n g  colum n. As 
t h e  demand o f  p r o d u c t  q u a l i t y  becomes more s t r i n g e n t  
and  t h e  th r o u g h p u t  o f  p r o c e s s e s  i n c r e a s e ,  and w i th  
t h e  dev e lo p m en t o f  h ig h  sp eed  p r o c e s s  d i g i t a l  com puter 
c o n t r o l l e r s  and o n - l i n e  s t re a m  a n a l y z e r s ,  t e r m in a l  
f o r c i n g  c o n t r o l  sh o u ld  become a t t r a c t i v e  and . 
d e m o n s t r a te  i t s  economic w o r th .
NOMENCLATURE 
c o n s t a n t  d e f i n e d  i n  T ab le  4 -3  
c o n s t a n t  d e f in e d  by E q u a t io n  ( 4 - 3 )  
c o n s t a n t  d e f in e d  by E q u a t io n  ( 4 - 4 )  
t o t a l  number o f  component 
d i s t i l l a t e  f lo w  r a t e ,  m o le s /h o u r  
M urphree t r a y  e f f i c i e n c y
d e v i a t i o n  o f  c o m p o s i t io n  from  s te a d y  s t a t e  
v a l u e ,  mole f r a c t i o n  
f e e d  r a t e ,  m o le s /h o u r  
t r a n s f e r  f u n c t i o n
m o la l  e n th a lp y  o f  t h e  v a p o r  s t r e a m  from t r a y  
j , BTU/mole
m o la l  e n th a lp y  o f  component i  i n  th e  v ap o r  
s t r e a m  from  t r a y  3, BTU/mole 
m o la l  e n th a lp y  o f  th e  l i q u i d  s t r e a m  from 
t r a y  j , BTU/mole
m o la l  e n th a lp y  o f  component i  o f  t h e  l i q u i d
s t r e a m  from t r a y  j ,  BTU/mole
l i q u i d  l e v e l ,  f t
r e s e t  t im e ,  h o u r
p r o p o r t i o n a l  g a i n
v a p o r - l i q u i d  e q u i l i b r iu m  c o n s t a n t  o f  component 
i  on t r a y  j
l i q u i d  f lo w  r a t e  from  t r a y  j , m o le s /h o u r
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1 l i q u i d  head  o v e r  th e  w e i r ,  f t
t o t a l  l i q u i d  h o ld u p  on t r a y  j ,  m oles
m m a n ip u la te d  v a r i a b l e
P p r e s s u r e ,  p s i a
d
p d i f f e r e n t i a l  o p e ra  t o r , d t
Q r e b o i l e r  h e a t ,  BTU/hour
R r e f l u x  f lo w  r a t e ,  m o le s /h o u r
Tj te m p e r a tu r e  o f  th e  l i q u i d  on t r a y  ;},
t ,  A t  t im e  and an  in c re m e n t  o f  t im e ,  r e s p e c t i v e l y  
u ^ ,  Ug c a n o n ic a l  v a r i a b l e  d e f in e d  by  A qua tion  ( 3 - 2 )
Vj v a p o r  f lo w  r a t e  from t r a y  j ,  m o le s /h o u r
W b o tto m  p r o d u c t  r a t e ,  m o le s /h o u r
X, m ole f r a c t i o n  o f  com ponent i  i n  t h e  l i q u i d
s t r e a m  from t r a y  j  
Xd^ m ole f r a c t i o n  o f  com ponent i  i n  t h e  d i s t i l l a t e
Xf^ m ole f r a c t i o n  o f  com ponent i n  t h e  l i q u i d  p a r t
o f  a  f e e d
Xw^ mole f r a c t i o n  o f  com ponent i  i n  t h e  b o tto m  
p r o d u c t
Y, ,, mole f r a c t i o n  o f  component i  i n  th e  v a p o r  1 , j
s t r e a m  from  t r a y  j 
Yf^ m ole f r a c t i o n  o f  com ponent i  i n  t h e  v a p o r  p a r t
o f  a  f e e d
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S u b s c r ip t s
a ac cu m u la to r
f  fe ed  t r a y
i  component number, i=1 to  i= c
j t r a y  number
n  l a s t  t r a y  ( t r a y  above th e  r e b o i l e r )
r  r e b o i l e r
S u p e r s c r i p t s
o s te a d y  s t a t e
Greek l e t t e r s
d  c o n s ta n t  d e f in e d  by E q u a tio n  ( 3 -2 1 )
#3 c o n s t a n t  d e f in e d  by E q u a tio n  (3 -2 1 )
/•  c o n s t a n t  d e f in e d  by E q u a tio n  ( 4 -2 )
sQ t im e  c o n s t a n t ,  h o u r
f t  f r a c t i o n  o f  f e e d  t h a t  i s  v a p o r iz e d ,  a l s o ,  m oles
o f  v a p o r  to  r e c t i f y i n g  column p e r  mole o f  f e e d
M a th em a tica l  symbols
Ie | a b s o lu te  v a lu e  o f  th e  argum ent e
f ( x ) ^  v a lu e  o f  th e  f u n c t io n  f ( x )  a t  t im e  t
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APPENDIX A
Bubble  P o i n t  T em pera tu re  E q u a t io n  ( 6 a , 72 )
The v a p o r - l i q u i d  e q u i l i b r i u m  r e l a t i o n s h i p  f o r  
component i  on t r a y  j  c an  be  e x p r e s s e d  a s
Ti , j  = k i , 3Xi , j  ( A -1 )
Assuming t h e  e q u i l i b r i u m  c o n s t a n t ,  k .  . i s  a  f u n c t i o n
J
o f  t e m p e r a t u r e  o n ly  and d i f f e r e n t i a t i n g  Y. . w i t h
1  > J
r e s p e c t  to  t im e  y i e l d s
dY± , dX. ,  dk± .
 ±*A  = k .   ------------+ X- . • *?-■ (A-2)
d t  d t  d t
By a p p l y i n g  t h e  c h a i n  r u l e  o f  d i f f e r e n t i a t i o n  
E q u a t io n  (A-2)  can  b e  e x p r e s s e d  a s
dY, ,  dX, , dk. . dT,
 ±±J— = k ,  . — i l i .  + X. ,  — -------U - 3 )
1 »  J 1 »  J
d t  d t  dT^ d t
The b u b b le  p o i n t  t e m p e r a t u r e  r e q u i r e s  t h e  summation 
o f  v a p o r  c o m p o s i t i o n s  on each  t r a y  to  be  u n i t y .  I . e . ,
z f l  Yi , d  = 1i = 1
o r
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H ence ,  by summing E q u a t i o n  ( A - 3) o v e r  a l l  com ponents  
and e q u a t i n g  t o  .Equation  (A -4 )  g i v e s
d k i »j dT^
d t  1=3 d t  X^l 1(3  dT^ d t
(A-5)
dT1
By s o l v i n g  E q u a t i o n  (A -5 )  f o r — t he  change
d t
o f  b u b b l e  p o i n t  t e m p e r a t u r e  w i t h  t im e  f o r  t r a y  j  c a n  
b e  e x p r e s s e d  a s
j * -  d X i -JdT ^ k i , 3
    (A -6 )d t  _c dk
•3
d kWhere 1,  j  c o u l d  b e  o b t a i n e d  f rom  e q u i l i b r i u m  
dTi
d X i  i
c o n s t a n t - t e m p e r a t u r e  r e l a t i o n s h i p s  and  ------ *-=— i s
d t
c a l c u l a t e d  f rom  t h e  component m a t e r i a l  b a l a n c e  a q u a t i o n .
E q u a t i o n  ( A - 6 ) ,  one  f o r  each  t r a y ,  i s  n u m e r i c a l l y  
i n t e g r a t e d  a l o n g  w i t h  o t h e r  d i f f e r e n t i a l  e q u a t i o n s  i n  
t h e  m a t h e m a t i c a l  model  t o  d e t e r m i n e  t h e  t r a y  t e m p e r a t u r e  
v e r s u s  t im e  r e l a t i o n s h i p s .
E q u a t i o n  (A -5 )  i s  d e r i v e d  w i t h  no c o n s i d e r a t i o n  o f  
t h e  p r e s s u r e  e f f e c t .  W ith  t h e  p r e s s u r e  e f f e c t  E q u a t i o n  
(A -3 )  becomes
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dY, ,  dX, ,  dk .  ,  dT. dk, , dP ,
J  _  v  J . Y   J J. Y *  iL
d t  1 , 3  d t  i , ; )  dTj d t  i , ; * dPj d t
(A-7)
and E q u a t io n  (A -6 )  becomes
Q dX, ,  c dk. j dp .
Tk V  * > | |  4, X  Y  * J   sL
dT;] i > 3  d t  1 , 3  dFj d t
d t
dk
I Z X i
i=1  ^ dTjLj
(A-8)
where an  a d d i t i o n a l  d i f f e r e n t i a l  e q u a t i o n  f o r  
dP,
-s- f o r  each  t r a y  i s  r e q u i r e d ,  and k - v a l u e - p r e s s u r e
d t
r e l a t i o n s h i p  h a s  to  he  known.
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APPENDIX B
CA1CULATI0N OF VAPOR PLOW RATES
N e g l e c t i n g  t h e  h e a t  o f  m i x i n g  t h e  l i q u i d  e n t h a l p y  
on t r a y  j  can  h e  e x p r e s s e d  i n  t e r m s  o f  m o la l  e n t h a l p i e s  
o f  p u r e  com ponen ts  a s
Assume t h a t  t h e  m o l a l  e n t h a l p y  j  I s  a  f u n c t i o n
o f  t e m p e r a t u r e  o n ly  a t  a  g i v e n  p r e s s u r e .  . Snyder(68 ) 
e x p r e s s e d  t h e  d e r i v a t i v e  o f  l i q u i d  m o l a l  e n t h a l p y  w i t h  
r e s p e c t  t o  t im e  a s  . .
E q u a t i o n  (B -2 )  a l l o w s  a  d i r e c t  c a l c u l a t i o n  o f  t h e  
d e r i v a t i v e  o f  l i q u i d  m o l a l  e n t h a l p y  on t r a y  j  w i t h  
r e s p e c t  to  t i m e .
By e q u a t i n g  E q u a t i o n  (B -2 )  t o  t h e  e n e r g y  b a l a n c e  
e q u a t i o n  f o r  t r a y  j  t h e  v a p o r  f l o w  r a t e s  c o u l d  h e  
s o l v e d  hy  t r a y - t o - t r a y  c a l c u l a t i o n  p r o c e d u r e  s t a r t i n g  
f rom  t h e  r e h o i l e r  u p  to  t h e  t o p  o f  t h e  co lum n.
The com ponent  m a t e r i a l  b a l a n c e  e q u a t i o n ,  i . e . ,
c
(B -1 )
c c
3
(B -2 )
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E q u a t io n  ( 3 - 1 1 )  can  "be w r i t t e n  a s
dXw, dM
m ------  + Xw,------ = L X . -  V Y, _ -  WXw, / -ti •» \
r  1 d t  n  ' * (B -3 )
S u b s t i t u t i n g  E q u a t io n  ( 3 -1 0 )  i n t o  E q u a t io n  (B -3)  y i e l d s
dXWji 1 r  'i
■ = — + (B‘ 4)it  JL r
From Appendix A t h e  b u b b l e  p o i n t  t e m p e r a t u r e  
e q u a t i o n  f o r  t h e  r e b o i l e r  i s
ai_ f a  i , t  at 
r -  i_1 (B-5)
d t  _c^ dk.
X v ±  ------
m  dTr
S u b s t i t u t i n g  E q u a t io n  (B-4)  i n t o  E q u a t io n  (B -5 )  g i v e s  
dTr £ * i , r ( V x l . n - » 1 > + Vr ( Xwi - Yi , r ) )
d t  Mr  £ > «  r i * £
T ^ \  1 dTr
o a F ----------------------------  <B“ 6 >
The o v e r a l l  e n t h a l p y  b a l a n c e  e q u a t i o n  f o r  t h e
r e b o i l e r ,  i . e . ,  E q u a t io n  ( 5 - 1 2 )  can be  w r i t t e n  a s
dH dM
P I    + H — -  = L H -  V G -WH + Q
r at r at n n  r r  r lB_7)
S u b s t i t u t i n g  E q u a t i o n  ( 3 - 1 0 )  i n t o  E q u a t io n  ( B - 7 )  r e s u l t s
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dH_
d t = 4 *  [ W V  + « + V W ]  <B- 8 >
Prom E q u a t io n  ( B - 2 ) t h e  d e r i v a t i v e  o f  l i q u i d  m ola l  
e n t h a lp y  i n  t h e  r e b o i l e r  w i th  r e s p e c t  to  t im e can  be 
e x p re s s e d  a s
dH
d t
dxw, dH,
=   + 2 _  Xws — "i=1 i , r  d t  i=1 X dT_
 _ dT.r  r
r  d t
(B-9)
S u b s t i t u t i n g  E q u a t io n  (B-4 )  and E q u a t io n  (B-6J 
i n t o  E q u a t io n  (B-9)  and s o l v i n g  f o r  Vr  a f t e r  e q u a t i n g  to
E q u a t io n  (B-8)  r e s u l t s  i n
Tr ~\ W * r l  + Q ’ £  Hi,r V Xi,,TXwi>
i . r Xwi )
dT. i=1
dk
Xw,
i=1 dT,
Gr  -  Hr  + E Hi . r (XWl - Yi , r )
i=1
o „  o
H X W k i , r ‘ X’V I i , r >
i=1 r  i - 1
c_ dk. 
Xw  ^ —
( B - 1 0 )
i= 1  * dT
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S i m i l a r  t o  t h e  p r e v i o u s  d e r i v a t i o n s  t h e  component
t\ Ym a t e r i a l  b a l a n c e  e q u a t i o n ,  i . j  and t h e  o v e r a l l
d t  f
e n t h a l p y  b a l a n c e  e q u a t i o n ,  dHj , f o r  t r a y  j  c a n  be
Z t
w r i t t e n  a s
dX. ,  1 r
r 1  +d t  Ka
d H j  _  1
d t  PLJ
+ V W  + u 1( 1 - 0 ) F ( H f -H.j ) + u 2^P (G f -Hd )
(B -1 2 )
S u b s t i t u t i n g  E q u a t io n  (B -11)  i n t o  E q u a t io n  (A-6)
dTand co m bin ing  r e s u l t e d  e q u a t i o n s  f o r   i  w i t h
d t
E q u a t i o n ( E - 1 1) and (B -2)  g i v e s
1=1 dTj  '  1=1
Vj + l ( Yi , 3+1 - Xi , j 5  -  u 1( 1 - j<S)F(Xfl -Xi f ; l )
By e q u a t i n g  E q u a t i o n  (B -1 2 )  t o  E q u a t i o n  (B -1 3 )  
and  s o l v i n g  f o r  V\j g i v e s  t h e  v a p o r  f lo w  r a t e  from 
t r a y  d a s
va “f W Hd-i'V + V i<0i+rV
+ u 1( 1 - £ ) F ( H f -H.j) + Ug^F( )
i= 1  S
U-, C 1-^)^(Xfi -Xi  ^ ) + u ^ F C Y f j - X ^ j j ) }  +  
vi=1 dT. 1=1 V  xi=1 a i j  'J
+  +  f
Gd - Ha + I I  ,ri . j (xi . j - Ti . j ) -
i=1
+
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APPENDIX C
DEVELOPMENT OF TERMINAL FORCING CONTROL ALGORITHMS
A. C o n t ro l  o f  Top P r o d u c t
The c o n t r o l  o b j e c t i v e  i s  to  k e e p  t h e  heavy  key  
component i n  t h e  d i s t i l l a t e  c o n s t a n t  when t h e  column i s  
s u b j e c t  t o  d i s t u r b a n c e s .  T h i s  i s  e q u i v a l e n t  to  c o n t r o l l i n g  
t h e  v a p o r  c o m p o s i t i o n  o f  t h e  heavy  k e y  component from 
t h e  t o p  t r a y ,  Y , ^ .  H ere ,  t h e  r e f l u x  f lo w  r a t e  i s  ch osen  
a s  t h e  m a n i p u l a t e d  v a r i a b l e  f o r  c o n t r o l  o f  t o p  p r o d u c t .
For  an  i d e a l  t r a y  t h e  v a p o r - l i q u i d  e q u i l i b r i u m  
r e l a t i o n s h i p  can  be  e x p r e s s e d  a s :
Yi , i  ■ k i . i x  i , i  ( c - 1 >
where k.^  ^ i s  t h e  e q u i l i b r i u m  c o n s t a n t  r e l a t i n g  Y^ 1 and
X . . I t  i s  a  f u n c t i o n  o f  b u b b le  p o i n t  t e m p e r a t u r e  o f  
1,1
t h e  l i q u i d  and p r e s s u r e  on  t r a y  1 ,
A t  s t e a d y  s t a t e  c o n d i t i o n s  E q u a t io n  (C -1 )  becomes
Yi°,i  -  ( c - e )
where t h e  s u p e r s c r i b e ,  " o " ,  i n d i c a t e s  th e  s t e a d y  s t a t e
c o n d i t i o n .
To c o n t r o l  Y. . c o n s t a n t  a t  u n s te a d y ,  s t a t e
c o n d i t i o n s  t h e  f o l l o w i n g  e q u a t i o n  s h o u ld  b e  s a t i s f i e d  a t  
any t im e  d u r i n g  t h e  t r a n s i e n t  p e r i o d .
Yi° , i  ■ I C ' 3 )
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Assume t h a t  k A 1 c a n  "be a p p ro x im a te d  by a  p o ly n o m ia l  
o f  t h e  b u b b le  ip o in t  t e m p e r a t u r e  f o r  a  s p e c i f i c  
p r e s s u r e  a s
k i t 1 = a i t 1 + a i , 2 T1 + a i t 3 T1 + a i , 4 T1 ( ° “ 4 ) 
S u b s t i t u t i n g  E q u a t io n  (C -4 )  i n t o  E q u a t io n  (C -3)
g i v e s
ai,1 + ai,2 T1 + ai,3'f1 + ai , W  = -----------(C_5)
Xl , 1
From E q u a t io n  (A-6)  t h e  b u b b l e  p o i n t  t e m p e r a t u r e  
e q u a t i o n  f o r  t r a y  1 i s
c dXj .
2 “ k i  1 — —  dTi f —. 1 d t
 1   ( 0- 6 )
0  1 
n xi , i
i =1  dT,
The o v e r a l l  m a t e r i a l  b a l a n c e  and component m a t e r i a l  
b a l a n c e  e q u a t i o n s  f o r  t r a y  1 ( r e f e r  to  F i g u r e  C-1) a r e
dM1
 1 = R + V2 -  L 1 -  V1 ( C -7 )
d t
^ 1 * 1 ,  1 
d t
R.Xdi 4  v 2 y i f 2  -
( C - 8 )
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CONDENSER
; ACCUMULATOR 
Xd.
/FIRST
F
Xf,
Tt
v2 L-i
*1.2 X,,1
REBOILER
F ig u r e  C-1 Schem at ic  d iag ram  o f  t h e  d i s t i l l a t i o n  
column f o r  d e v e lo p in g  t e r m i n a l  
f o r c i n g  c o n t r o l l e r s
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A f t e r  r e a r r a n g e m e n t  t h e  component m a t e r i a l  b a l a n c e  
e q u a t io n  becomes
a x i , i  .  1
d t
+ v2 ( y l > 2 - x i t 1 )
" V1<Xi . r Yi , l ) )  (D -q)
For a  v e r y  s m a l l  i n c r e m e n t  o f  t im e  th e  change 
o f  th e  l i q u i d  c o m p o s i t i o n  on t r a y  1, 1 , can  b e
e x p re s s e d  a s :
dXi  1
<x M > t  = <xi , i  +  <c - 1 0 >
S u b s t i t u t i n g  E q u a t io n  (G -10)  i n t o  E q u a t io n  (C -5 )
g iv e s
( a i , 1  + a i , 2 T1 + a i , 3 T1 + a i , 4 T1 }t  
/  d x i  1
= Yi , 1  / (Xi , 1  + A t ) t - A t  (C-11 j
Combining .Equation  (C-9)  and E q u a t i o n  (C-11)  
r e s u l t s
(®i,1 + + a i , 3 s ? + a i , 4  T1 ^ t
" r l , i / { x i , i
+ V2 (Yi> 2 -Xi F l ) + ! > ) } * * *  1 0 -1 2 )
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Again ,  f o r  a  v e ry  s m a l l  i n c re m e n t  o f  time 
b u b b le  p o i n t  t e m p e r a tu r e  o f  th e  l i q u i d  on t r a y  1 can 
be  e x p re s s e d  a s
dT1
+  ( c ‘ 1 3 )
S u b s t i t u t i n g  E q u a t io n  (0 -6 )  and (C -9)  i n t o  
E q u a t io n  (C-13) r e s u l t s
<T l ) t  = { t , - ^ E I  
+ Ts ( Ti , 2 - Xi , ^  + V1<Xi , 1 - Xi , l ) ) /
X, . d k l , 1 ) l  (0 -1 4 )
1 ,1  dT1 / t - A t
From E qua t ion  (C-12) and E q u a t io n  ( C—14) th e  
c o r r e c t i v e  r e f l u x  f low  r a t e ,  R, can  be  o b t a i n e d  by 
e i t h e r  t r i a l  and e r r o r  c a l c u l a t i o n s  o r  by  s o l v i n g  a 
f o u r t h  o r d e r  po ly n o m ia l  a f t e r  com bin ing  E q u a t io n  
(C-12) and E qua t ion  (C -1 4 ) .  I t  i s  recommended t h a t  an 
i n t e r p o l a t i o n  method be  u s e d  to  s o lv e  f o r  t h e  c o r r e c t i v e
r e f l u x  f lo w  r a t e  , R . Only a  few i t e r a t i o n s  a r e
r e q u i r e d  to  r e a c h  a  s o l u t i o n  a s  d e m o n s t r a te d  i n  
C h a p te r  7 .
C ti=1
B. C o n t r o l  o f  Bottom P r o d u c t
The c o n t r o l  o b j e c t i v e  i a  to  k e e p  t h e  l i g h t  key 
component i n  t h e  bo t tom  p r o d u c t  c o n s t a n t  when t h e  
column i s  s u b j e c t  to  f e e d  d i s t u r b a n c e s *
The r e b o i l e r  h e a t ,  Q, i s  chosen  a s  t h e  
m a n ip u la te d  v a r i a b l e .
The o v e r a l l  m a t e r i a l  b a l a n c e  and  component 
m a t e r i a l  b a l a n c e  e q u a t i o n s  a round  t h e  r e b o i l e r  a r e :
dML
—  = Ln “ Vr “ W ( C-15)d t  n  r
dMXw.
— ^  - V i . n  - VrYi,r  “ WXwi ( 0- 16)
E q u a t io n  (C -15) and ( C - 1 6) can b e  combined a s
dXw.. 11 r*' N
i = ~  CVXi,n'Xwi) + V Xwi-Yi.r>J (0-17)at Mr
I n  o r d e r  t o  m a i n t a i n  a  c o n s t a n t  l i g h t  key  
©c o m p o s i t io n ,  Xw  ^ , i n  t h e  b o t tom  p r o d u c t  b o t h  s i d e s  
o f  E q u a t io n  (C-17)  s h o u ld  be  eq u a l  to  ze ro  a t  any t im e
16'8
d u r in g  th e  t r a n s i e n t  p e r io d .  T h erefo re , by s e t t i n g  
Equation (C -17) to  zero  and s o lv i n g  f o r  the  vapor b o i l  
up r a t e ,  Vr  , which i s  e q u iv a le n t  to  th e  r e b o i l e r  h e a t ,  
g i v e s
E q u a t io n  (C -18)  g i v e s  t h e  v a p o r  b o i l  u p  r a t e  which  
i s  n e c e s s a r y  to  com pensa te  f o r  t h e  d i s t u r b a n c e s .
The c o r r e s p o n d i n g  v a l u e  o f  th e  r e b o i l e r  h e a t ,  Q, 
c a n  b e  c a l c u l a t e d  f rom E q u a t io n (B - IO )  a s
c
c
i =1
i=1 dT i=1r
( C - 1 9 )
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